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INTRODUCTION In this review, we examine the inflammatory and 
^ A , , u A , • . ol thrombotic reactions elicited by a Gram-negative bacte- 
Acute inflammation constitutes the body s principal f . Escherkhia co u an d by endotoxin, followed by an 
mode of defense against infection and other harmful ^ q{ ^ ^ ^ ^ in vitrQ obserV ations which 
agents, and neutrophils are the primary effector cells in / te cytokines as the mediators of these phenom- 
this process. When inflammation occurs in response to ^ Wg then examine the type and the mechanisms of 
infection with pathogenic microorganisms the damage the * regulti micr ovascuIar injury and deal briefly with 
that is often observed locally is a sacrifice aimed to significance of inflammation in defense against 
prevent the spread of infectious agents throughout the * & [ mi Misms . 
body. Gram-negative microorganisms elicit a brisk in- 
flammatory reaction which is largely induced by one of A ww A mTnM TMnnpi?n rv p mi; Awn 
their cell wall constituents, endotoxin. The infiltrating INFLAMMATION INDUCED BY E. cob AND 
neutrophils phagocytose and kill the bacteria. The in- liJNUU i uaiin 
flammatory reaction is often associated with severe local MoRPHOLOGIC observations 

microvascular injury and abscess formation. Besides elic- - • v 

iting inflammation, endotoxin can predispose the local By counting the number of neutrophils in the lymph 

microvasculature to thrombosis upon subsequent sys- draining an inflammatory lesion and examining the tis- 

temic endotoxemia or complement activation, as dem- sue histologically, injection of E. coli was found to elicit 

onstrated by the local Shwartzman reaction. Both the a very intense inflammatory reaction resulting in ab- 

inflammatory and the thrombotic phenomena induced scess formation in 24-hour lesions in sheep (64). bimuar 

by endotoxin are mediated by the local generation of observations, including the abscess formation, were made 

cytokines subsequently in rabbits, in which ultrastructurally phag- 

In addition to local effects, endotoxin shed by Gram- ocytosed bacteria were demonstrable in neutrophils, 

ne <T«ti«A W*rin can access the circulation resulting in often undergoing lysis (69). More recently, the morphol- 

profound systemic effects. Endotoxin has been suggested ogy of the inflammatory ieoiG.iSii.-ucs- ~y ^.c- „. cc : 

as the principal causative agent of Gram-negative septic was examined again and the findings correlated with 

shock and disseminated intravascular coagulation, which other parameters (for detads vide infra under Inflam- 

are associated with a high mortality. It is also capable of mation and Host Defense in Gram-Negative Infection ) 

eliciting fever, various components of the acute phase (27). When 20 sites were injected simultaneously with E. 

reaction, and a prolonged and profound neutropenia. coli (6 x 10 8 /site), a marked neutropenia developed and 

365 
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very few neutrophils were detectable at the injected site, 
and many extracellular bacteria were detectable histolog- 
ically. A reinjection of the same large number of bacteria 
after recovery from the neutropenia (during the neutro- 
philic phase), resulted in a marked infiltration of the 
dermis by neutrophils, with very few bacteria, mostly 
within the phagocytes. 

The injection of killed E, coli or large doses of endo- 
toxin is followed by severe microvascular injury (vide 
infra, "Endotoxin-Induced Microvascular Injury and 
Thrombosis"). However, the injection of a large number 
of live E. coli (2 x 10 lo /site) or smaller numbers in 
neutropenic rabbits is associated with necrosis of the 
dermis at the injection site (18). 

Quantitative Studies 

Having been able to quantitate increase in vasoperme- 
ability (115) and changes in blood flow in inflammation 
(49), it had become pertinent to quantitate the emigra- 
tion of neutrophil leukocytes and their accumulation in 
the lesions (55, 56). The first studies on quantitation and 
kinetics of the acute inflammatory reaction were done 
with killed E. coli. Neutrophils were isolated from the 
blood of rabbits, radiolabeled and reinfused intrave- 
nously. These studies ascertained that the emigration of 
neutrophils was transient. The maximal rate of emigra- 
tion was between 2 to 3 hours and after 6 to 8 hours, the 
rate of emigration was less than 10% of maximal (Fig. 
1A ). With live E. coli ( 18, 86) and leukocyte chemoattrac- 
tants (22) neutrophil emigration followed similar kinet- 
ics. When blood mononuclear leukocytes were radiola- 
beled (61), the maximal rate of monocyte accumulation 
into lesions induced by killed E. coli coincided with 
neutrophils, however monocytes continued to accumu- 
late at approximately 25% of the maximal rate for at 
least 24 hours (Fig. IB). The absolute number of neutro- 
phils which accumulate in E. coli lesions during the first 
6 hours greatly exceeds the number of monocytes, as is 
evident in histologic sections of early lesions. Neutro- 
phils comprise over 30% of the rabbit's circulating leu- 
kocytes, whereas monocytes constitute less than 5%. 
Thus, the delivery of circulating neutrophils to the in- 
flammatory site exceeds monocytes by at least 6-fold. 
Emigrated neutrophils die relatively early or leave the 
inflammatory site via lymphatics (64). Monocytes con- 
tinue to accumulate and undergo transformation into 
macrophages, thus becoming the predominant cell in the 
late stages of E. coli inflammation. 

The skin of rabbits was ideal to quantitate events in 
an inflammatory reaction because various doses or time 
points under study could be injected in triplicate or 
quadruplicate, including positive and negative controls. 
However, £. coli or endotoxin as inflammatory stimuli 
were suitable also for the study of inflammation in the 
lung (29, 30) and pleura (53, 54). Moreover, by a further 
purification of the 61 Cr-!abe!ed blood neutrophils cr A n 
comparison of the radiolabeled cells in the blood andfin 
a pleural exudate, the specificity and precision of the 
quantitative procedure was markedly improved (27). 
This enabled the expression of the results as the number 
of infiltrating neutrophils/lesion in relation to the num- 
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Fig. 1. Kinetics of leukocyte accumulation in rabbit skin. A, Rate 
of neutrophil leukocyte accumulation in inflammatory lesions induced 
by E. coli. Formalin-killed E. coli (5 x ltf/site) were injected at varying 
times intradermal^ and autologous "Cr-Iabeled leukocytes were in- 
fused 30 minutes before sacrifice. Histologic examination ascertained 
that during peak emigration, over 90% of the infiltrating cell were 
neutrophil leukocytes (PMNs). Their number in hematoxylin and 
eosin -stained sections was scored semiquantitatively from 1 to 4+. This 
is one representative experiment of five. Points are means ± sem of 
five replicate sites. Reproduced from Issekutz and Movat, Lab Invest 
42:310, 1980. B, Mononuclear leukocyte accumulation in inflammatory 
lesions induced by E. coli. Killed E. coli (5 x lOYsite) were injected 
intradermally at varying time intervals and "Cr-labeled mononuclear 
cells were injected intravenously 1 hour before sacrifice. The results of 
three experiments are shown. Points are mean ± sem of triplicate sets. 
Saline-inoculated sites had 40 cpm, and this was subtracted from each 
point. By histology, the mononuclear cells were monocytes/macro- 
phages. When "Cr-labeled lymphocytes were injected intravenously no 
accumulation was demonstrable. Reproduced from Issekutz et al, Am 
J Pathol 103:47, 1981, Copyright by the American Association of 
Pathologists, Inc. 

ber of circulating neutrophils. The latter was demon- 
strated to influence the delivery of neutrophils at the 

inflammatory site. When a large dose of E. coli was 
~a~.:„:„4.*^a « c^. . j A _ j i^ i j. j_ 

yeloped and neutrophil emigration into the E. co/t-in- 
jected intradermal sites was markedly attenuated (27). 

In addition to leukocyte emigration, the injection of 
E. coli induced a transient hyperemia, enhanced vaso- 
permeability, and hemorrhage (69). E. coli and endotoxin 
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were the most frequent stimuli in inflammation associ- 
ated with microhemorrhage (68) and microthrombosis 
(62, 87). Injected E. coli or endotoxin readily induce a 
hemorrhagic inflammatory reaction (69, 87), but this is 
seldom observed with staphylococcus-induced experi- 
mental inflammation (I. J. Cybulsky and H. Z. Movat, 
unpublished observations). Of all chemotaxins, only ac- 
tivated complement (C5ad«Ar g ) was capable of eliciting 
some hemorrhagic response (57, 58, 88). All the proce- 
dures mentioned above made use of radiolabeled cells 
and blood constituents for the quantitation of the inflam- 
matory reaction. 

Increase in vascular permeability and hemorrhage in 
inflammatory reactions induced by killed E. coli ate 
neutrophil-dependent components of the reaction, since 
depletion of circulating neutrophils abrogates the devel- 
opment of vascular injury, quantitated with 125 I-albumin 
and 59 Fe-erythrocytes (70). This has been known for 
some time with respect to immune complex-induced in- 
flammatory reactions associated with vascular injury 
(reviewed in Refs. 19, 81). The depletion of hemolytic 
complement and C5 markedly decreases neutrophil em- 
igration, enhanced vasopermeability, and hemorrhage 
induced by the deposition of immune precipitates (24), 
however, it only partially inhibits the permeability 
change induced by E. coli and does not influence the 
neutrophil influx or hemorrhage (70). This suggested a 
mediating role for complement only in the immune com- 
plex-induced inflammatory reaction, and raised the ques- 
tion of a bacterium-derived substance in the mediation 
of E. co/i-induced inflammation. Issekutz, Bhimji, and 
Bertolussi (52) demonstrated that killed £. co/i-induced 
inflammation was diminished when the bacteria were 
treated with polymyxin B (which forms a complex with 
and inactivates endotoxin) or with anti-endotoxin anti- 
body. Furthermore E. coli incubated in heat-inactivated 
plasma or buffer shed a substance into the supernatant, 
which induced neutrophil emigration when injected in- 
tradermally, but was not chemotactic in vitro (51). Po- 
lymyxin B or antibody to 0 or core glycolipid antigens 
diminished the potency of the supernatant (and of endo- 
toxin) to induce neutrophil emigration. Issekutz and 
Bhimji (51) concluded that the material shed by the E. 
coli was endotoxin. Thus Gram-negative bacteria induce 
neutrophil emigration by releasing endotoxin which is 
not directly chemotactic or chemokinetic and at low 
doses exerts its effect in vivo independent of complement. 
During their growth phase E. coli secrete chemotactic 
formylated peptides (74) and potentially chemotactic 
lipids. Live E. coli induce also a neutrophil-independent 
tissue injury (18, 59), in which bacterial hemolysins play 
a role (59). 

Attempts were also made to study the relationship 
between the movement of protein from the vasculature 
into the extracellular space and the clearance of this 
orotein from the inflammatory site (induced by 25. coli or 
other means). This was achieved by quantitating the 
increase in vascular permeability ( 13, I-albumin) and 
monitoring simultaneously the disappearance (clear- 
ance) of intradermally injected 125 I -albumin from inflam- 
matory and control sites (47). It was observed that the 
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removal rates of albumin injected into 2?. co/i-induced 
inflammatory sites (10 2 to 10 6 E. co/i/site) were not 
greater than those at sites injected with saline, despite 
170 to 700% increases in vasopermeability observed in 
the inflammatory lesions. In fact, with high doses of E. 
coli (10 8 /site) the mobilization of protein from the lesions 
was significantly reduced. In contrast with other inflam- 
matory stimuli (bradykinin, heat injury) the clearance of 
extravascular protein from the lesions was enhanced over 
saline sites, implying a unique mechanism with E. coli 
(and endotoxin) -induced inflammatory edema (47). 
These observations may have relevance to the develop- 
ment of edema associated with Gram-negative septicemia 
and have led to studies on the role of lymphatic vessels 
in inflammatory edema (38, 63). 

MEDIATION OF ENDOTOXIN-INDUCED 
INFLAMMATION 

Gram-negative bacteria release (shed) endotoxins, 
which are lipopolysaccharide-protein complexes (40, 79, 
120) and elicit a marked acute inflammatory reaction 
characterized by intense neutrophil emigration. The hy- 
pothesis that endotoxin-induced neutrophil emigration 
is a mediated process, is based on the knowledge that 
many of the in vivo biologic effects of endotoxin are 
mediated by host-derived mediators: leukocyte chemo- 
attractants (C5a) and cytokines. 

Leukocyte Chemoattractants 

To date, substantial evidence has accumulated which 
suggest that leukocyte chemoattractants do not mediate 
endotoxin-induced neutrophil emigration. The depletion 
of complement with cobra venom factor had minimal 
effects on emigration induced by endotoxin (28) or E, 
coli (70), which indicates that C5a is not a relevant 
mediator. Picogram quantities of endotoxin are sufficient 
to elicit detectable neutrophil infiltration into the skin 
of rabbits and comparisons of molar potencies to leuko- 
cyte chemoattractants estimated that endotoxin was at 
least 1000-fold more potent (22, 26). Moreover, endo- 
toxin did not induce tachyphylaxis to several leukocyte 
chemoattractants (20, 21, 26). The experiments of 
McComb, Cybulsky, and Movat (76) demonstrated that 
endotoxin induces neutrophil emigration by a different 
mechanism than leukocyte chemoattractants. The onset 
of neutrophil emigration following the injection of leu- 
kocyte chemoattractants was found to be more rapid and 
unlike endotoxin was not dependent on protein synthe- 
sis. 

Cytokines: Mediators of the Acute Phase 
Response 

The concept that cytokines are mediators of endo- 
toxin-induced inflammation arose from observations 
made in conjunction with the acute phase response, 
which followed various forms of trauma and tissue injury 

• * • i tr\ nnwft/tnlavltr fKa inior. 

aSSOClHLeu Wltu iiuuauj.uiEtMv/*i, j j - - 

tion of endotoxin. The acute phase reaction includes 
fever, leukopenia followed by leukocytosis with neutro- 
philia, changes in certain heavy metals in the plasma, 
increase in acute phase proteins (e.g., C-reactive protein, 
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plasma proteinase inhibitors, transport proteins, fibrin- 
ogen) in plasma and their secretion in the liver (reviewed 
in Refs. 67, 81). Kampschmidt and co-workers described 
in the 60s and 70s a substance, "leukocytic endogenous 
mediator" which like the earlier describ d "endogenous 
pyrogen" and endotoxin, had the capacity to elicit the 
acute phase response (reviewed in Ref. 65). Both endog- 
enous pyrogen and leukocytic endogenous mediator were 
shown to be leukocyte-derived, but the cell type was first 
in question, until monocytes/macrophages were demon- 
strated as the primary source of interleukin-1 (IL-1), 
endogenous pyrogen and lymphocyte-activating factor 
(2, 48, 121). However, more recently good evidence was 
again presented that neutrophils can synthesize IL-1 
(122). Another important source of 11-1 with respect to 
inflammation is the endothelial cell (71, 92), and the 
smooth muscle cell (72). Lymphocyte-activating factor 
(in the thymocyte co-mitogenesis assay) was described 
in the 70s by immunologists and designated as IL-1 by a 
group of cellular immunologists (J Immunol 123:2928, 
1979). Eventually endogenous pyrogen, leukocytic endog- 
enous mediator and lymphocyte-activating factor were 
shown to be identical to IL-1, by comparing their biologic 
and biochemical properties (reviewed in Refs. 33, 34). 
Recently, tumor necrosis factor (TNF), a cytokine pro- 
duced by monocytes-macrophages in response to endo- 
toxin was found to possess many of the activities ascribed 
to IL-1 (6). In view of these observations, the roles of 
IL-1 and more recently of TNF in mediating neutrophil 
emigration induced by endotoxin were examined. 

INTERLEUKIN 1: MEDIATOR OF EndOTOXIN-InDUCED 

Neutrophil Emigration 

Initial attention was focused on determining whether 
IL-1 could induce neutrophil emigration in vivo. Studies 
were carried out in which the activities in supernatants 
of cultured rabbit alevolar macrophages stimulated with 
opsonized zymosan or lipopolysaccharide, were assayed 
for neutrophil emigration-inducing activity and activity 
in the mouse thymocyte comitogenesis assay (25, 28). 
Fractions from a gel filtration column with low molecular 
weight showed activity in both assays, with peak activity 
in 14,000 to 16,000 molecular weight fractions, which 
corresponded to the MW of IL-1. High molecular weight 
fractions showed activity only in the neutrophil accu- 
mulation assay. Issekutz, Meygeri, and Issekutz (54) have 
reported similar activity in endotoxin-induced pleural 
exudates and supernatants of cultured pleural macro- 
phages stimulated with endotoxin. Neutrophil emigra- 
tion could also be induced with purified murine IL-1 
(spirochete-stimulated macrophages, 5, 45), affinity-pu- 
rified human monocyte-derived IL-1 (25, 26) and recom- 
binant IL-1 preparations (28, 28a, 44, 96a). Observations 
with recombinant IL-1 are particularly important, since 
purified monocyte/macrophage-derived preparations 
may contain trace protein contaminants with hMncrir 
activities. Endotoxin contamination of IL-1 preparations 
has been ruled out by demonstrating stability of endo- 
toxin but not of IL-1 to heating, and inhibition of endo- 
toxin but not IL-1 activity with polymyxin B sulfate. 
Recently, TNF also has been found to induce neutrophil 
emigration (3, 28a, 31, 60, 85). 
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The analysis of the roles of IL-1 and TNF in endo- 
toxin-induced neutrophil migration is based on (a) com- 
parisons of potencies, (b) kinetic profiles and (c) exami- 
nation of cross tachyphylaxis. The potencies of both IL- 
la and IL-1/3 approached that of endotoxin (27, 28a) 
(Fig. 2) and are similar to synthetic lipid A (28a). TNF 
on the other hand was found to be less potent than the 
IL-1 species (28, 85) (Fig. 2) and of comparable molar 
potency to the leukocyte chemoattractants. In earlier 
studies, leukocyte chemoattractants were found to be at 
least 1000-fold less potent than endotoxin (21, 26). These 
experiments suggest that in order to elicit an equivalent 
magnitude of neutrophil emigration, each molecule of 
endotoxin would have to generate 1 to 10 molecules of 
IL-1, 1000 to 10,000 molecules of TNF, or over 1000 
molecules of a leukocyte chemoattractant. The latter 
possibility is not likely at least with regards to CSa^- 
or leukotnene B 4 since relatively high concentrations of 
endotoxin are required for the activation of complement 
(51) and endotoxin is not a potent stimulator of leuko- 
triene B 4 production (13). The relative amounts of IL- 
land TNF production by different cell types remains to 
be determined, however if both are produced, their effects 
on neutrophil emigration appear to be synergistic (60, 
85) (Fig. 2). ' 

The kinetic profile of neutrophil emigration induced 
by IL-1, TNF or endotoxin demonstrated a very low rate 
of emigration in the first 30 minutes (28, 28a). This may 
represent the time required by the endothelial cells to 
synthesize proteins adhesive for leukocytes {vide infra). 
After 30 minutes, emigration into sites injected with the 
cytokines increased dramatically, but remained low for a 
further 30 minutes into sites injected with endotoxin. 
These observations suggest that endotoxin may induce 
the synthesis of a cytokine mediator in situ, a process 
requiring approximately 30 minutes, followed by a fur- 
ther 30 minutes for the synthesis of adhesive proteins by 
the endothelium. In contrast to the cytokines or endo- 
toxin, leukocyte chemoattractants elicit neutrophil emi- 




FlG. 



moles injected per site 
2. Neutrophil emigration elicited with endotoxin, IL-1. TNFa 



ur a mixture oi tne two cytokines, quantitated with ai Cr-labeled neu- 
trophils. The radiolabeled cells circulated for 2 hours after the intra- 
dermal injections and entered the inflammatory lesions during that 
time period The dose response to two concentrations of IL-1« and 
TNFa are illustrated. When the lowest concentrations of the two 
cytokines were injected together, the neutrophil emigration was 69% 
greater than the additive response induced by each individual cytokine 
implying a synergism between IL-1 and TNFa. 
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gration more rapidly, with significant emigration already 
detectable within the first 30 minutes after intradermal 
injections (76). , 

The term desensitization or tachyphylaxis at the in- 
flammatory site was used in conjunction with reduced 
responsiveness to an inflammatory agent (20, 21). When 
dermal sites were reinjected with the same chemotaxin 
and the neutrophil emigration quantitated with 51 Cr- 
neutrophils after the reinjection (second injection), their 
number was decreased, compared with sites injected for 
the first time. Pertinent to this, was the observation that 
all inflammatory agents tested induced a transient emi- 
gration, which had ceased after the 4th hour (22). Thus, 
inflammatory lesions were initiated 8 hours before sac- 
rifice and restimulated 6 hours later, followed immedi- 
ately by the quantitation with the intravenously injected 
radiolabeled neutrophils. The tachyphylaxis was chem- 
otaxin-specific, i.e., sites initiated with iV-formylme- 
thionylleucylphenylalanine (FMLP) and restimulated 
with FMLP exhibited a reduced number of accumulated 
M Cr-neutrophils. In contrast, when FMLP-initiated sites 
were restimulated with platelet-activating factor, the 
same numbers of radiolabeled neutrophils accumulated 
as at sites injected for the first time with platelet-acti- 
vating factor. The pathophysiologic role for tachyphy- 
laxis may be to terminate inflammatory responses and 
to downregulate inflammation to chronically elevated 
(39) or physiologic (17) levels of cytokines. We utilized 
tachyphylaxis experiments to establish a potential role 
for cytokines generated in situ by endotoxin. Tachyphy- 
laxis was noted at sites initiated and restimulated with 
endotoxin (21) and was observed also with natural IL-1 
(26) and thereafter with recombinant IL-1 (27, 28a). 
Tachyphylaxis was dose-dependent; the higher the dose 
of the first stimulus, the fewer neutrophils accumulated 
after the reinjection. 

Cross-tachyphylaxis was observed between IL-la and 
IL-10 and between IL-1 and endotoxin (28a). When 
dermal sites were first stimulated with endotoxin and 
reinjected with IL-1, the response to IL-1 was reduced. 
Diminished neutrophil emigration was also observed 
when the order of endotoxin and IL-1 injections was 
reversed. This likely represents the desensitization of 
tissues to IL-1 generated in response to endotoxin, and 
implicates IL-1 as a potential mediator of endotoxin- 
induced neutrophil emigration. Cross-tachyphylaxis was 
not observed between TNF and endotoxin, suggesting 
that it is not a relevant mediator of neutrophil emigra- 
tion. 

In all these studies, the leukocytes infiltrating the 
dermis were almost exclusively neutrophils (Fig. 3). 

Endotoxin and Cytokine-Induced Endothelial 
Cell Adhesiveness for Leukocytes 
Leukocyte emigration into tissues through the walls of 
postcapillary venules and smaii veins can be diviueu iulu 
3 steps: (a) adhesion of leukocytes to endothelial cells, 

(b) migration to intercellular junctions and diapedesis, 

(c) emigration through the endothelial basement mem- 
brane and vessel wall into extravascular tissues. An 
important regulatory step in emigration is the adhesion 
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FIG. 3. Dermal inflammatory lesion (18 hours old) induced by the 
injection of 4 Almost all the cells infiltrating the perivascular 

tissue are neutrophils. x560. 



of leukocytes to endothelial cells, and is dependent both 
on endothelial and leukocyte mechanisms. Under certain 
physiologic conditions, leukocytes adhere weakly and 
transiently to the endothelium, which results in their 
rolling along venular walls: margination. Under patho- 
logic conditions, particularly inflammation, margination 
is more pronounced until the leukocytes adhere strongly 
and eventually emigrate. 

The advent of endothelial cell culture has led to in 
vitro studies of leukocyte-endothelial cell adhesion and 
elucidation of an endothelial cell-dependent adhesive 
mechanism. Both endotoxin and the cytokines IL-1, 
TNF and lymphotoxin induce endothelial cells to become 
adhesive for leukocytes by a mechanism dependent on 
protein synthesis (11, 37, 41, 103). Similarly, in vivo 
neutrophil emigration induced by endotoxin and IL-1 is 
dependent on protein synthesis, however this is not the 
case with leukocyte chemoattractants (76). A specific 
inducible endothelial cell surface protein designated by 
Gimbrone, Bevilacqua and colleagues as endothelial-leu- 

1 l- 31 1 1 V«ao i An fit i fi C*r\ U/itKl t.wn 
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monoclonal antibodies: H4/8 (97) and H18/7 (10). It 
mediates, in part, neutrophil adherence to stimulated 
endothelial cells (10, 73). The induction of endothelial- 
leukocyte adhesion molecule 1 is transient, and endothe- 
lial cells become desensitized to restimulation with the 
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same cytokine or endotoxin, when the stimulus has been 
maintained in the culture medium (97, 98). In vivo endo- 
thelial-leukocyte adhesion molecule 1 has been identified 
in delayed type hypersensitivity reactions and in acute 
inflammatory conditions (23). The functional roles of 
other endothelial cell activation antigens (43) remain to 
be determined. 

Leukocyte-dependent mechanisms for adhesion are 
predominantly mediated by a family of cell surface gly- 
coproteins designated "LFA-l/Mac-l/pl50,95 w by Sprin- 
ger and co-workers (1,106) and CD11/CD18 by the Third 
International Workshop on Leukocyte Differentiation 
Antigens. These proteins are heterodimers with a distinct 
a-subunit (CDlla-c), noncovalently linked to a common 
/9-subunit (CD18). Recurrent life-threatening bacterial 
infections developed by patients with hereditary defi- 
ciency of CD11/CD18 emphasizes its functional impor- 
tance as reviewed by Anderson and Springer (1). Mono- 
clonal antibodies to CD18 can block neutrophil adhesion 
to cytokine-stimulated endothelial cells (73, 99) and neu- 
trophil emigration in vivo (la). 

ENDOTOXIN-INDUCED MICROVASCULAR 
INJURY AND THROMBOSIS 

As described in the first section on quantitative stud- 
ies, inflammatory reactions induced by E. coli or endo- 
toxin are usually associated with severe injury, mani- 
fested by hemorrhage. It has been known for some time 
that endotoxin can elicit both local and systemic micro- 
vascular alterations, whose pathogenesis is not fully 
understood, and multiple mechanisms have been impli- 
cated (reviewed in Refs. 79, 80, 83). 

Recent observations indicate that, like the neutrophil 
emigration, some of the microvascular alterations in- 
duced by endotoxin are mediated by IL-1 and TNF, and 
that neutrophils play a pivotal role in the development 
of the injury. As described in this review, neutrophil 
emigration can be induced by subnanogram quantities of 
endotoxin and both endotoxin and IL-1 are about 1000 
times more potent in this respect than chemotaxins. For 
the elicitation of the classical local Shwartzman reaction, 
microgram quantities of endotoxin have to be injected 
locally ("preparative" injection), followed 18 to 24 hours 
later by an intravenous injection of endotoxin ("chal- 
lenging" injection). The challenging injection of endo- 
toxin could be substituted by a few procedures, but 
particularly by the intravascular activation of comple- 
ment with immune precipitates, zymosan (82), or cobra 
venom factor (84). Rendering rabbits hypocomplemen- 
temic with cobra venom factor prevented the elicitation 
of a Shwartzman reaction when challenged with immune 
complexes or zymosan. However, when the intravenous 
challenge was endotoxin, the decomplementation in- 
duced only partial inhibition, implicating mainly com- 
plement-independent effects of the infused endotoxin 

tHA\ TUla D i»kof ~r — j:rr: u 

— ----- ~> WW». VWV » V AA WAWLW »TVWJ UiWIV UUitVUlV 

with the preparative injection, until it was observed that 
with partially purified macrophage-derived IL-1 (pre- 
sumably containing TNF) a Shwartzman-like reaction 
could be "prepared" (5, 84). However, when highly puri- 
fied recombinant IL-1 was injected as a preparative dose, 
a thrombo-hemorrhagic Shwartzman-like reaction could 



only be elicited when recombinant TNF was injected 
simultaneously (84, 85). These lesions were quantitated 
with 59 Fe-erythrocytes (hemorrhage) and m In-platelets 
(thrombosis). Interestingly, sites prepared with endo- 
toxin exhibited more thrombosis, and this was corrobo- 
rated and extended morphologically. In addition to more 
numerous platelets, considerably more fibrin was seen in 
the lesions prepared with endotoxin than in those initi- 
ated with the cytokines. On the other hand, in the 
cytokine-induced lesions the hemorrhage was more in- 
tense. 

These thrombo-hemorrhagic lesions which developed 
after the intravenous challenge, are superimposed on 
changes taking place locally after the preparative intra- 
dermal injections. In this respect, certain in vitro obser- 
vations are important. These studies indicate that the 
endothelium plays an active role in coagulation, both in 
its promotion and inhibition (108). Both IL-1 and TNF 
can stimulate cultured endothelial cells to produce a 
tissue factor (thromboplastin)-like activity (8, 9, 93). By 
inhibiting fibrinolysis, IL-1 may play a role in the fate 
of a thrombus (12, 91). IL-1 and TNF added together to 
the endothelial monolayer were found to be additive with 
respect to induction of procoagulant activity, but in vivo 
with respect to the thrombo-hemorrhagic Shwartzman 
phenomenon they acted synergistically (84, 85). There is 
also in vitro evidence that endotoxin -stimulated endo- 
thelial cells synthesize IL-1 (71, 107). It is thus tempting 
to speculate that in addition to the inflammatory reac- 
tion induced by endotoxin via the cytokines at the injec- 
tion sites, changes may be taking place at these sites 
which promote microthrombosis that develops after the 
intravenous challenge. It has been known for some time 
that intravenous injection, but particularly reinjection of 
endotoxin, leads to intravascular coagulation and con- 
sumption of clotting factors (80, 90). The reason why the 
microthrombi and hemorrhage were confined to the "pre- 
pared" site was the principal unanswered question, since 
the studies of Shwartzman (104). One decade ago innu- 
merable intrinsic mediators were believed to be mediat- 
ing events induced by endotoxin (79). Yet, none of these 
could fully account for its effects. Today we are still a 
long way from understanding the molecular events lead- 
ing to a Shwartzman reaction, but the available evidence 
strongly suggests that IL-1 and TNF are the principal 
intrinsic mediators of this endotoxin-induced reaction. 

Morphologic observations of the "prepared" sites im- 
mediately before intravenous challenge shed some light 
on the nature of these inflammatory lesions induced by 
endotoxin or IL-1 plus TNF, and thereby on the events 
which follow the intravenous challenge. Only when IL-1 
and TNF were coinjected was the cellular infiltration 
comparable to that induced with endotoxin (31, 84, 85). 
Ultrastructurally, with endotoxin or IL-1 plus TNF, se- 
vere injury of venules and small veins was observed in 
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in neutrophils, both within and around the vessels. In 
these neutrophils granules had frequently fused with the 
cell membrane and were seen free in the lumen or abut- 
ting against endothelial cells. The latter exhibited focal 
or more extensive necrosis and frequently the basement 
membrane or remnants thereof was devoid of an endo- 
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Fig. 4. Example of vessel wall injury. In Figure 4A (light micros- 
copy) the endothelium is delineated by arrowheads. Neutrophils are 
present both in the lumen and perivascularly (inside and outside the 
arrowheads). About x h the vessel is illustrated in the electron micro- 
graph of B. Portions of the venular wall are reproduced in C, D, and E. 
The endothelial cells {END) are necrotic and the pericytes (PER) 
intact but vacuolated (uac). Some basement membrane (BM) sur- 



rounds pericytes, but the suDenaotnenai oasement nieiuuraue i» nos- 
merited or absent (arrows). Fibrin (FIB) is seen in the lumen of B and 
between endothelial cells and pericytes in C and D (inset). Figure 4A, 
X560; B, x 4,125; C, X12.000; D, x33,900; £, xl2,000. Reproduced from 
Movat et al. t Am J Pathol 129:463, 1987, Copyright by the American 
Association of Pathologists, Inc. 
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thelial lining (Fig. 4). At times, the basement membrane strumental in the development of severe hemorrhage 

was missing. Erythrocyte extravasation was associated associated with the microvascular injury, because in neu- 

with such changes (Fig. 5). This microvascular injury tropenic animals, a positive hemorrhagic reaction cannot 

and the associated inflammatory hemorrhage gradually be elicited (109) and because these cells showed signs of 

subsided. However, when a challenging intravenous in- lysis and granule release. The only experimental model 

jection of endotoxin, immune precipitates, zymosan, or in which quantitatively and qualitatively, a similar vessel 

cobra venom factor was administered at this time, mi- wall injury could be induced was that in which lysates of 

crothrombi formed and occluded the vessels (Fig. 6). neutrophil lysosomes were injected intradermal^ (89). 
They consisted primarily of aggregated leukocytes, There is no evidence in the literature that IL-1 can 

mostly neutrophils, but contained also aggregates of elicit hemorrhage, but TNF has been described to induce 

platelets and fibrin and were invariably accompanied by hemorrhagic necrosis of experimental tumors (101) and 

very extensive hemorrhage (85). The neutrophils in these when massive doses (milligram quantities) were infused 

thrombi also exhibited degenerative changes, but these in rats, it elicited hemorrhage in several organs (114). 

were not seen in the monocytes and occasional lympho- Such quantities of TNF induce.synthesis of IL-1 in vitro 

cytes. These events could be quantitated with radiola- and in vivo (35), whereas stimulation with IL-1 induces 

beled cells and proteins. Early kinetic studies demon- production of IL-1, both in vivo and in vitro (36, 118). 

strated that both thrombosis and hemorrhage developed By itself even in very high doses, IL-1 was unable to 

rapidly and subsided 4 to 5 hours after the iv challenge "prepare" a site for the elicitation of a Shwartzman-like 

( 87 )- reaction; which was true also of TNF (84, 85). The term 

The mediating role of IL-1 and TNF in the Shwartz- TNF is used interchangeably with TNFa and it is iden- 

man reaction is not fully understood as yet. Our studies tical to cachectin, a substance implicated as the mediator 

on neutrophil emigration indicate that the cytokines, but of lethal endotoxin shock (6, 7, 114). By injecting merely 

particularly IL-1, are responsible for the neutrophil in- microgram quantities, but both cytokines into rabbits, a 

filtration at the prepared site. The neutrophils are in- synergism was demonstrated between IL-1 and TNF in 




FlG. 5. Example of vessel wall injury. A t Most of the lining endo- are free primary and secondary neutrophil granules (pr, sec) glycogen 

thehum is missing. In the right third o( the illustration, several eryth- (gly), and ribosomes (rib) in the lumen, above the remnants of the 

rocytes {RBC) are in the perivascular tissue or in the process of crossing basement membrane (BM). A % x3,900; B t X46.000. Reproduced from 

the injured vessel wall {white arrows). Eight neutrophils (PMN) are in Movat et al. t Am J Pathol 129:463, 1987, Copyright by the American 

the interstitium. J3, The area between the two black arrows in A. There Association of Pathologists, Inc. 
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Fig 6 Shwartzman-like reaction in rabbit skin prepared with in- are numerous venules occluded by microthrombi (small arrowheads). 

tradermai injections of 0.5 M g of IL-1 and 1 ng of TNF. Eighteen hours B t The microthrombi are made up mostly of neutrophils (vessel indi- 

after the intradermal injections, 10 M gAg of endotoxin was adminis- cated by large arrowhead in A). Figure 6A, X35; B, X660. 
tered intravenously and the rabbit sacrificed 15 minutes later. A, There 



the induction of a shock-like state with hemorrhagic 
pulmonary lesions (95). A leukocytopenia and thrombo- 
cytopenia were also observed in the last mentioned study 
and this observation may be important with respect to 
the intravenous challenging injection in the Shwartzman 
reaction. The rapid onset and prolonged leukopenia (pre- 
dominantely neutropenia) observed after endotoxin in- 
fusion (29, 109, 110) or injection of E. coli (27) may well 
be mediated by IL-1, or by TNF or by IL-1 acting 
synergistically with TNF. In keeping with the observa- 
tions of Okusawa et a/. (95) on pulmonary changes, when 
fil Cr-neutrophils were present in the circulation when 
endotoxin was injected, a large number of these cells 
were recovered in the lung (29). Furthermore, neutrophils 
were subsequently mobilized from the bone marrow and 
many of these ended up in the lungs (30). While the 
neutropenia after endotoxin or E. coii lasted (depending 
on the dose), from one to several hours, to be able to 
elicit a protracted shock-like state with leukopenia, Oku- 
sawa et al (95) had to toiiow a boius (i Mg) by h cuuliu- 
uous infusion (5 ng/kg/min each of IL-1 and TNF). 
Interestingly, when considerably less IL-1 was adminis- 
tered to rats the cytokine was reported to induce only a 
neutrophilia, whereas TNF induced a neutropenia, fol- 
lowed by two peaks of neutrophilia (the second attributed 



to intrinsic IL-1 production) (117). There is even a 
possibility that the intravenous challenge with comple- 
ment-activating agents may follow a pathway implicating 
IL-1 and TNF, . since in vitro C5a and C5ad e8 Arg can 
stimulate blood mononuclear cells to produce IL-1 (94). 
Potential sources of IL-1 and TNF in the blood are 
primarily monocytes, and macrophages of the reticular 
activating system but there is also recent evidence for 
IL-1 production by neutrophils (111, 122). 

INFLAMMATION AND HOST DEFENSE IN 
GRAM-NEGATIVE INFECTION 

With the introduction of antibiotics, Gram-positive 
infections could be readily controlled, but Gram-negative 
bacteria became, during the 1950s, problems difficult to 
deal with, particularly in nosocomial infections (100). 
Antibiotics have only a limited effect on severe Gram- 
negative infections such as pneumonia, bacteremia, and 
septicemia (16, 77). Over a recent 5-year period (1977 to 
1931), uie mortality in 1,1SS cplccdes of Grain-negative 
bacteremia was 36.3%, which was no improvement com- 
pared with 1924, Le. t the presulfonamide and preanti- 
biotic period (16). Whereas 70% of nosocomial lung 
infections are attributable to pseudomonas, and 33% to 
other Gram-negative bacteria, only 5% are caused by 
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Gram-positive infections (113). Another negative factor set of 20 sites was injected 6 hours after the first set of 
is the rapid development of resistance by the bacteria to 20 injections (during neutrophilic phase), the rabbits had 
an antibiotic in hospital-associated infections (102). Sep- become refractory to the development of a neutropenia, 
sis caused by Gram-negative bacteria, alone or in asso- and a marked accumulation of neutrophils was quanti- 
ciation with other aerobic and anaerobic bacteria, is the tated in these lesions at 0 to 4 hours (27). The exact roles 
leading cause of the syndrome of multiple systems organ of various cytokines, and the direct or indirect effects of 
failure (4, 14) and is associated with a mortality of 50 to endotoxin on the levels of circulating neutrophils and 
80%. Should shock occur in association with sepsis, the their mobilization from the marrow pool remains to be 
mortality rate increases to 85 to 90% (105). determined. 

A number of bacterial properties contribute to their Using killed E. coli has the advantage of fixed and 
virulence, including leukocidins, capsules, adhesins, mo- reproducible stimuli. However, within certain dose limits, 
bility, invasiveness, toxins, iron transport, and serum live E. coli elicit essentially similar inflammatory reac- 
resistance (15). The diversity of the disease processes tions as killed bacteria (86). We extended these studies 
due to Gram-negative infection is attributed today with live E. coli, by comparing the magnitude and kinet- 
mostly to a combination of virulence determinants as- ics of 51 Cr-neutrophil accumulation with the level of 
sociated with each bacterial species. For example, only a circulating neutrophils, the increase in vasopermeability 
limited number of E. coli strains are usually associated ( ia5 I-albumin), and the recovery of bacterial colony-form- 
with extraintestinal infections. Urinary tract infections ing units (CPUs) in the dermal lesions of several groups 
are usually hemolytic (46) and are resistant to the bac- of rabbits: normals, neutropenic (transient or persistent), 
tericidal action of normal serum (112). One particular immunized (active systemic or passive local) (18). Neu- 
class of virulence-associated organelles are known as pili trophil emigration and enhanced vasopermeability 
or fimbriae. These hair-like structures foster bacterial peaked in 2 to 4-hour-old lesions (2 X 10 7 or 2 X 10 8 E. 
adherence to mucosal epithelium via specific receptor- coli/ 'site). However, it was essential to elicit at least a 
ligand interactions (66). Piliation in E, coli permit effi- partial refractory state to neutropenia by injecting E. coli 
cient colonization of the gastrointestinal or genitourinary 24 hours before the experiment. This procedure induced 
tracts by enteropathogenic and uropathogenic species a transient mild to moderate neutropenia and a subse- 
respectively (78, 116). quent neutrophilia. With high doses (2 x 10 10 E. coli/ 

In addition to the above variable factors determining lesion) a protracted neutropenia developed and no neu- 
yirulence of Gram-negative bacteria, they produce var- trophils were delivered to the stimulated sites. Bacterial 
ious exotoxins, such as labile and stable enterotoxins pour plate colony counts from homogenates of intrader- 
(42, 50) and hemolysins (46, 119). However, these micro- mal sites injected with E. coli, indicated in normal rabbits 
organisms have one disease-producing factor in common, early (1 to 2 hours) bacterial multiplication, followed by 
endotoxin. Whereas the exotoxins are produced and re- diminished CFUs at later time points. The decrease in 
leased during bacterial growth, endotoxin is "released" CFUs coincided with the peak emigration of neutrophils 
by shedding also from dead bacteria. Release of endo- into the dermal sites and light and electron microscopy 
toxin is marked during bacterial lysis (32). Endotoxin or demonstrated phagocytosis of the bacteria by the neutro- 
lipopolysaccharide consists of lipid A, a core polysaccha- phils. Animals rendered neutropenic for prolonged pe- 
ride and the O-specific antigen and the biologic activity riods with nitrogen mustard showed a progressive in- 
is known to reside in lipid A. The chemistry of endotoxin crease in the numbers of E. coli within the intradermal 
was elucidated primarily by Westphal and associates (for sites, which by 48 hours increased several hundred times 
reviews see Refs. 40, 120). Endotoxin plays a particularly over controls. Compared with normals, fewer neutrophils 
important role in severe and widespread infections, such accumulated and there was less plasma exudation. A 
as those associated with sepsis and septicemia, in which delayed inflammatory reaction was observed during re- 
£. coh is the most frequent causative agent (75). covery from neutropenia, as noted already by Issekutz et 

Killed E. coh have been shown to shed endotoxin into al (59). As in the lesions with 2 X 10 10 E, co/i/site, in the 
the medium in which they are suspended (51). Not sur- neutropenic rabbits there was severe dermal necrosis at 
pnsmgly, such bacteria, particularly when deposited in sites injected with 2 x 10 7 E. co/t/site. Animals which 
large numbers (20 sites at 6 x 10 8 bacteria/site) into the were injected with E. coli at the time when their circu- 
dermis, will induce systemic effects attributed to endo- lating neutrophils were recovering from nitrogen mus- 
toxin, such as fever and neutropenia, followed by neutro- tard treatment, showed only an early (1 to 4 hour) 
philia (27). Both the magnitude and the duration of the increase in numbers of CFUs, followed by bacterial clear- 
neutropenia were dose-dependent. In these experiments, ance. Two interesting observations were made in actively 
the number of circulating neutrophils was correlated with immunized animals: no neutropenia developed after the 
the infiltration at the site of E. coli injection. Compared first intradermal injections of E. coli, and considerably 
with earlier observations where multiple injections of fewer neutrophils accumulated in the dermis, but inter- 
bacteria were administered over a 24-hour period hefnrfi estinHy. t.h«u> wptp phi* to r.nrw with hnc+*?iai 
the quantitation with 51 Cr-neutrophils (69), when 20 tion In the same manner as* normal controls! Fewer 
simultaneous intradermal doses of killed E. coli were neutrophils accumulated, also with local passive immu- 
mjected, very few neutrophils emigrated 0 to 4 hours nization, i.e., when anti-E. coli antiserum was deposited 
postinfection (during the neutropenic phase). Instead, at the injection site, but without the capacity to prevent 
some influx of neutrophils occurred 6 to 10 hours post- the development of neutropenia. 

injection (during the neutrophilic phase). When another It was concluded that (a) Neutrophil leukocytes play 
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a pivotal role in controlling the growth and spread of E. 
coli. (b) In the absence of neutrophils, the bacterial 
replication is unchecked, (c) In actively immunized rab- 
bits fewer neutrophils can control the infection, (imply- 
ing that (i) the cellular defense operates more efficiently 
and (ii) specific antibodies can assist and expedite the 
clearance of bacteria), (d) Passive transfer of antiserum 
locally also potentiates the clearance of microorganisms 
from the site of infection/inflammation, (e) In actively 
immunized animals no transient neutropenia develops 
in the circulation. 

We propose that cytokines and in particular IL-1 are 
the principal mediators responsible for mobilizing neu- 
trophils to the inflammatory site where endotoxin is 
released from Gram-negative bacteria. In immunized 
animals, fewer neutrophils infiltrated the inflammatory 
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FlG. 7. Diagrammatic representation of events which follow entry 
of E. coli into tissues. The bacteria shed endotoxin (LPS) which 
stimulates monocytes and macrophages (locally and systemically) to 
synthesize and release IL-1 and TNFa. By acting on the circulating, 
marginal, and bone marrow pools of neutrophils and their precursors, 
the cytokines induce neutropenia, followed by neutrophilia (also lym- 
phopenia). These events influence the delivery of neutrophils at the 
inflammatory site. Other systemic effect of the cytokines are elicitation 
of fever, acute phase proteins and other components of the acute phase 
reaction. Through action on the endothelium, IL-1 and TNFa induce 
neutrophil emigration and accumulation at the site of bacterial multi- 
pui»uuu, -.cpr«r.tir.f the ~.zzi :™crt^r.* line ^fen^ IL-1 and 
TNFa of other sources could also induce neutrophil influx. In vitro 
studies indicate that endotoxin could act directly on the endothelium 
to induce synthesis and release of IL-1. The emigrated neutrophils 
release lysosomal enzymes and oxygen radicals by cytolysis, phagocy- 
tosis of the bacteria, and secretion and perhaps by nonphagocytic 
secretion. The severely injured microvessels exhibit increase in vaso- 
permeability, hemorrhage, and thrombosis. 



lesions, presumably due to neutralization of endotoxin 
in the outer wall of the bacteria, leading to less cytokine 
production, and hence less emigration. Diminished emi- 
gration was observed when E. coli or endotoxin were 
treated with antibody or polymyxin B (52). Likewise, 
when we injected E. coli for the first time into actively 
immunized rabbits, no transient neutropenia developed, 
probably because the locally liberated endotoxin was 
bound and this prevented stimulation of IL-1 and TNF 
synthesis and release. In addition to opsonization, anti- 
body may have another effect in Gram-negative infec- 
tion, i.e., prevention of a decrease in circulating neutro- 
phils and hence assurance of a constant delivery of 
neutrophils to the infected site. 

Figure 7 illustrates our concept of the inflammatory 
events which follows the entry of Gram-negative bacteria 
into tissues. This diagrammatic presentation disregards 
exotoxins and emphasizes endotoxin and its effects: gen- 
eration of host-derived inflammatory mediators and their 
action locally and systemically. 
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THE MOUSE/HUMAN CHIMERIC MONOCLONAL 
ANTIBODY cA2 NEUTRALIZES TNF IN VITRO 
AND PROTECTS TRANSGENIC MICE FROM 
CACHEXIA AND TNF LETHALITY IN VIVO 

Scott A. Siegel,'* David J. Shealy, 1 Marian T. Nakada, 2 Junming Le, 3 Donna 
S. Woulfe, 2 * Lesley Probert, 4 George Kollias, 4 John Ghrayeb, 2 Jan 
Vilcek/ Peter E. Daddona 1 * 



The pleiotropic cytokine tumour necrosis factor-a (TNF) is thought to play a central role in 
infectious, inflammatory and autoimmune diseases. Critical to the understanding and manage- 
ment of TNF-associated pathology is the development of highly specific agents capable of 
modifying TNF activity. We evaluated the ability of a high affinity mouse/human chimeric anti- 
TNF monoclonal antibody (c A2) to neutralize the in vitro and in vivo biological effects of TNF. 
cA2 inhibited TNF-induced mitogenesis and IL-6 secretion by human fibroblasts, TNF- 
priming of human neutrophils, and the stimulation of human umbilical vein endothelial cells 
by TNF as measured by the expression of E-selectin, IC AM-1 and procoagulant activity, c A2 
also specifically blocked TNF-induced adherence of human neutrophils to an endothelial cell 
monolayer. Receptor binding studies suggested that neutralization resulted from cA2 block- 
ing of TNF binding to both p55 and p75 TNF receptors on the cells. In vivo, repeated 
administration of cA2 to transgenic mice that constitutively express human TNF reversed the 
cachectic phenotype and prevented subsequent mortality. These results demonstrated that 
c A2 effectively neutralized a broad range of TNF biological activities both in vitro and in vivo. 



Tumour necrosis factor-a (TNF) is a cytokine that 
exhibits a pleiotropic spectrum of activities, with 
receptors found on virtually all cell types examined. 1 - 2 
The natural functions of TNF are thought to include 
modulation of the host immune and inflammatory re- 
sponse to a variety of infectious, malignant and 
autoimmune conditions as part of a complex regula- 
tory mechanism in which numerous other cytokines 
participate.* While initial TNF expression in response 
to infection or injury would be considered beneficial 
excessive production, usually by activated monocytes 
and macrophages, can result in significant pathological 
changes. 
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TNF has been implicated as the primary mediator 
in bacterial sepsis since it is the first proinflammatory 
cytokine detected in primate and human volunteer 
studies where serum cytokine levels were measured 
after administration of endotoxin. 4 Administration of 
TNF to rodents and dogs induced a profile of 
pathophysiological changes and lethality similar to that 
seen after endotoxin challenge. 5 - 6 Neutralizing anti- 
bodies to TNF have been shown to prevent physiologi- 
cal changes and death in animal models of endotoxin 
and bacteremia. 7 ^ 

There are also a number of autoimmune disorders 
in which TNF appears to play a significant role, 10-12 but 
the evidence is most persuasive in rheumatoid arthri- 
tis. 13 " 1 " Rheumatoid arthritis (RA) is characterized by a 
chronic inflammation of the synovial lining of multiple 
joints. Synovial cells proliferate along with infiltrating 
inflammatory cells and vascularity increases markedly. 
Ultimately, the release of degradative enzymes results 
in irreversible erosion of the bone and cartilage com- 
ponents of the joint. 13, 14 Levels of TNF are not only 
elevated in synovial fluid from the joints of RA pa- 
tients' 7, '* but cells from the synovial fluid continue to 
produce TNF when cultured in vitro." Perhaps the 
most direct evidence that TNF plays a pivotal role in 
the development of arthritis was obtained by the con- 
stitutive expression of TNF in transgenic mice. 20 Such 
mice develop chronic inflammatory polyarthritis at a 
specific age (depending on the transgenic mouse line) 
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and with a 100% phenotypic penetrance. Thus, TNF 
appears to be an attractive target and an antibody 
which efficiently neutralizes human TNF may be an 
effective treatment in RA. 20 * 21 

We have previously described the construction of 
a chimeric mouse/human IgG, monoclonal antibody 
which binds to TNF. 22 This antibody, designated cA2, 
exhibited high affinity and specificity for TNF and 
neutralized both recombinant and natural human TNF 
in the standard assay of TNF cytotoxicity. cA2 was also 
shown to be highly species-specific, neutralizing TNF 
from only humans and chimpanzees. The safety and 
potential efficacy of cA2 in treating autoimmune dis- 
orders is currently being evaluated in human clinical 
trials. 23 * 24 

In this study we examined the effect of cA2 on the 
in vitro biological activity of TNF and on TNF- receptor 
interactions. The ability of cA2 to modulate the in vivo 
activity of TNF was also investigated using an estab- 
lished transgenic mouse line that develops a cachectic 
phenotype and accelerated mortality due to constitu- 
tive expression of human TNF. 25 

RESULTS 

Effect of cA2 on TNF -stimulated FS~4 fibroblasts 
The fibroblast cell line FS-4 proliferates and se- 



cretes IL-6 in response to recombinant human TNF-a 
(TNF). 26 - 27 As shown in Table 1 , TNF at concentrations 
ranging from 0.3 to 7.5 ng/mL induced FS-4 fibroblasts 
to produce IL-6 levels ranging from 1300 to 2500 pg/mL 
When cA2 was added to the medium at the same time 
as TNF, the induction of IL-6 was completely blocked 
at the 0.3 and 1.5 ng/mL TNF dose levels, and only a 
small amount of IL-6 was detected (300 pg/mL) at the 
highest (7.5 ng/mL) TNF dose. The control antibody 
had no effect. 

Similarly, cA2 was shown to block the mitogenic 
effect of TNF on FS-4 fibroblasts (Table 2). When 
cA2 was added to the culture medium with TNF, 
proliferation was blocked at all three TNF levels tested 
(0.1, 0.5 and 2 ng/mL). The control IgG had no 
effect on the TNF-induced proliferation of FS-4 
fibroblasts. A significant difference (P^O.03 at all con- 
centrations) was demonstrated between the cA2 and 
control groups using the nonparametric Wilcoxon test. 
In additional experiments, cA2 also completely inhib- 
ited mitogenesis at TNF concentrations up to 8 ng/mL 
(data not shown). 

Effect of cA2 on TNF -stimulated human umbilical 
vein endothelial (HUVE) cells 

HU VE cells produce a procoagulant activity (PCA) 
when exposed to TNF which appears to be related to 



TABLE 1. Neutralization of TNF-induced IL-6 secretion by fibroblasts 

production (pg/mL) 

Antibody NoTNH 0.3 ng/mLTNF 1.5 ng/mL TNF 7.5 ng/mL TNF 

None <200 1360 2000 2560 

Control * <200 1600 I960 2160 

cA2 <200 <200 <200 300 

Recombinant human TNF, premcubalcd with or without 4 Ug/mL CA2 or control antibody, was 
added to cultures of FS-4 human fibroblasts. After 18 h incubation. IL-6 levels in the supernatant 
were determined by immunoassay. 

TABLE 2. Neutralization of TNF4nduced mitogenesis in fibroblast cultures 

Cell Density (OD 630 nm X 1(H) 
Antibody No TNF 0.1 ng/mL TNF 0.5 ng/mL TNF 2.0 ng/mL TNF 

None 36 ± 1 50 ± 1 55 ±2 63 ± 1 

Control 35 ± 2 49 ± 1 34 3 i G3 J. ; 

cA2 39 ± 1 37 ± 1 39 ± 1 41 ±2 

FS-4 human fibroblasts were seeded in 96- we 1 1 plates. Recombinant human TNF. preincubotcd 
with or without 4 ug/mL cAZ or control antibody, was added to the cultures and ceil density was 
determined by staining 5 days later. Data represent the mean ( ± standard deviation) of quintuplicate 
wells. 
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tissue factor upregulatton. 2 * After the cells are lysed by 
freezing and thawing, PCA can be detected by measur- 
ing the clotting time of plasma to which calcium and 
cell lysate have been added. Figure 1 shows that while 
a clotting time of about 130 sec is obtained using an 
unstimulated HUVE lysate, addition of lysate from 
HU VE cells exposed to 25 ng/mL TNF for 4 h at 37°C 
shortens the clotting time by 50%. This reduction in 
clotting time was blocked by the addition of c A2 in the 
HUVE cell medium during the time of TNF exposure. 
A final cA2 concentration of 0.37 ng/mL could com- 
pletely neutralize TNF-induced PCA while isotype- 
matched control IgG at 10 ng/mL had no effect. 

TNF also acts on HUVE cells by inducing the cell 
surface expression of the adhesion proteins E-seleclin w 
and ICAM-1 Peak temporal expression of these 
surface antigens varies, however they can be individu- 
ally quantified using specific monoclonal antibodies. 
The observed levels of TNF-induccd E-sclectin and 
ICAM-1 expression on the HUVE cell surface were 
reduced in a dose-dependent manner by the inclusion 
of cA2, while control IgG had no effect (Fig. 2). Induc- 
tion of peak E-selectin expression (measured at 4 h) 
was fully abrogated by 0.5 \igfmL of cA2 (Fig. 2 A), and 
complete blocking of peak ICAM-1 expression (at 23 h) 
required 0.1 |Ag/mL of cA2 (Fig, 2B). 

In vivo, the expression of E-selectin and ICAM-1 
by endothelial cells exposed to TNF results in the bind- 
ing of circulating neutrophils and eventual extravasation 
into the surrounding tissues. 3 ' In order to determine if 
cA2 could effectively block the adhesion of neutrophils 
in an in vitro system, HUVE cell monolayers were first 
exposed to TNF in the presence and absence of cA2 
for 4 h, then exposed to isolated human neutrophils. 
After washing, the percentage of neutrophils that ad- 
hered to the HUVE cells was determined using a 
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Figure 1. Effect of cA2 on the production of rhTNF-fnduced 
procoagulant activity by HUVE cells. 

cA2 or control antibody were prcincubatcd 30 min at room 
temperature with 25 ng/mL rhTNF prior to cell stimulation for 4 h at 
37°C Procoagulant activity was measured by determining the clotting 
time ofrccalcificd human plasma a tier addition of the treated HUVE 
cell lysatcs. Data shown are the mean of duplicate wells ± SEM. 



neutrophil-specific myeloperoxidase assay. When 
treated with TNF alone, neutrophil adherence increased 
52%, a fourfold increase over unstimulated HUVE 
cells (Fig. 3). Increasing amounts of cA2 reduced the 
degree of neutrophil adherence in a dose-dependent 
manner, while 3.3 ng/mL of control IgG had no effect. 
cA2 had no effect on neutrophil adherence to HUVE 
cells treated with IL-1 or LPS, demonstrating that the 
inhibitory effect of cA2 is directed specifically at TNF. 

The inhibition of TNF-induced neutrophil adher- 
ence was also apparent by phase contrast light 
microscopy (Fig. 4). Neutrophils can be identified by 
their rounded, highly refractile appearance as opposed 
to the flat morphology exhibited by the HUVE cell 
monolayer. In Panel A, unstimulated HUVE cells show 
few adherent neutrophils compared to HUVE cells 
stimulated with TNF (Panel B). The presence of con- 
trol IgG during TNF stimulation (Panel C) had no 
effect, while the presence of 3.3 \xg/mL of cA2 during 
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Figure 2. Neutralization of rhTNF-lnduced HUVE cell E-selectin 
and ICAM-1 expression by cA2. 



Serial dilutions of cA2 \w) or control muiuOwjr {^) ' 
10 ng/mL of rhTNF and used to stimulate endothelial cell monolayers. 
E-sclcctin (Panel A) and ICAM-1 (Panel B) were detected after 
stimulation for 4 h and 23 h. respectively, using ,S> I monoclonal 
antibodies specific for each adhesion protein. Data shown are the 
mean of triplicate wells ± SEM. The values obtained on unstimulated 
cells were 736 ± 65 cpm for E-selectin at 4 h and 1 723 ± 149 cpm for 
ICAM-1 at 23 h (shown by dashed line). 
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Figure 3. Neutralization of rbTNF-induced human neutrophil 
adhesion to HUVE cells by cA2. 

HUVE cell monolayers (about 3 X 10 s cells per well) were stimulated 
for4h with rhTNF(250ng/mL), lL-la(40units/mL), J5 LPS(10ng/ 
mL) or medium alone (unstimulated). Incubations were performed 
in the presence or absence of the indicated concentrations of cA2 or 
control antibody. After washing, (he stimulated HUVE cells were 
incubated an additional 45 min with human neutrophils (1 x If) 6 per 
well), and the number of neutrophils bound to the HUVE cells was 
determined by the myeloperoxidase assay. The data shown represents 
the average of triplicate wells ± SEM. 



TNF stimulation (Panel D) markedly reduced the 
number of adherent neutrophils. 

Effect of cA2 on TNF priming of human neutrophils 

In vitro, TNF primes human neutrophils to pro- 
duce superoxide upon subsequent stimulation with 
the chemotactic peptide f-met-lcu-phe (FMLP). 32 The 
ability of cA2 to abrogate the TNF-priming phenom- 
enon is shown in Figure 5. In the absence of cA2, TNF- 
primed (2ng/mL) neutrophils produced as much as 
40-45 nM superoxide upon stimulation with FMLP, 
TNF alone induced little or no superoxide production. 
cA2 was able to reduce the TNF-induced priming phe- 
nomenon in a dose-dependent manner, with levels as 
low as 1 ug/ml able to reduce superoxide production to 
the level typically seen with unprimed FMLP-stimu- 
lated neutrophils (7.85 nM in the experiment shown). 
Incubation of up to 100 ng/mL of control antibody with 
TNF had no effect on the subsequent production of 
superoxide upon FMLP stimulation (data not shown). 




Figure 4 Phase contrast micro graphs demonstrating neutrophil adherence to HUVE cells stimulated with 
rhTNF in the presence and absence of cAZ 

HUVE cells were stimulated for 4 h with medium alone (A), 250 ng/mL rhTNF (B). 250 ng/mL rhTNF and 
3.3 ug/mL control antibody (C) or 250 ng/mL rhTNF and 10 ug/mL cA2 (D). After stimulation, the ability of 
human neutrophils to adhere to the HUVE cell monolayer was assessed. Phase contrast micrographs were taken 
at 100-fold magnification. 
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Figure 5. EfTect of cA2 on the ability of rhTNF to prime 
human neutrophils. 

Neutrophils (2-5 x 1 0" cells per mL) were primed with 2 ng/mL 
rhTNF in the presence of cA2 for 60 mm, then the neutrophil 
activator FMLP (0.1 pM) (•) or medium (O) was added and the 
incubation continued Tot 10 min. Superoxide ion production was 
detected via the oxidation of cytochrome C. The data represent the 
average of duplicate wells with the background signal observed in 
parallel samples containing superoxide dismutasc subtracted. 
Superoxide ion production by unprimed neutrophils exposed to 
FMLP was 7.85 nM. 



Effect of cA2 on TNF binding to receptor 

The inhibition of TNF biological activity by cA2 
presumably occurs as a result of the ability of cA2 to 
bind to soluble TNF, thereby inhibiting its interaction 
with cellular receptors. In order to directly demon* 
strate this in vitro, experiments were performed using 
both a commercially-available TNF receptor binding 
assay and recombinant immunoadhesion constructs of 
the human p55 and p75 TNF receptors. Figure 6 shows 
that cA2 inhibits the binding of radiolabeled TNF to a 
preparation of U937 monocytic cell membranes which 
contain TNF receptors. U937 cells have been previ- 
ously shown to express both the p55 and p75 TNF 
receptors/' cA2 inhibition was dose-dependent, with 
50% inhibition observed at 0.1 ng/mL. 

Similarly, the binding of radiolabeled TNF to 
recombinant constructs containing the extracellular 
domain of either the p55 or p75 TNF receptor was 
inhibited by cA2 (Fig. 7). Inhibition by cA2 was dose- 
dependent, and 50% inhibition of binding to either 
receptor construct was evident at about 0.03 ug/mL 
cA2. 

Effect of ca2 in a transgenic muusc model 

Transgenic mice have been generated in which 
human TNF is constitutive ly expressed by their T cells. 25 
These animals show elevated human TNF serum levels 
(0.01-7 units/mL) and develop a lethal wasting syn- 
drome resulting in 80%-100% mortality at 10-18 weeks 
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Figure 6. Binding of t23 I*hTNF to U937 cell membranes in the 
presence of c A2. 

U937 membranes were incubated for 3 h at 0 P C with -rhTNF 
(45 pM> and the indicated concentration of cA2. m l-rhTNF 
bound to membranes was then separated by filtration and 
counted. Data arc expressed as the mean * SEM (three experiments) 
percent of binding in the absence of cA2 (1 100 cpm). Binding of 
xv> I -rhTNF in the presence of 10 ug/mL negative control antibody 
was 96 ± 1%. Binding of u? I-rhTNF in the presence of 40 nM 
unlabeled TNF (nonspecific background) was 26 ± 9% (shown by 
dashed line). 
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Figure 7. Binding of lu l-rfaTNF to p55 or p75 receptor fusion 
protein in the presence of cA2. 

Serial dilutions of cA2 in 4 ng/mL '"I -rhTNF were incubated on p55 
(•) or p75 (O) receptor-coated microliter wells for 1 h at 37°C. The 
data represent the mean of duplicate wells. Binding of ,to l-rhTNF in 
the presence of 10 pg/mL negative control antibody was 2270 cpm. 



after birth. The ability of c A2 to prevent mortality in the 
transgenic mouse line Tgzii is shown in ilic survival 
curves of Figure 8. There was complete survival (15/15) 
to the 8 week endpoint in 3 week old animals adminis- 
tered cA2 twice-weekly at doses of 8 or 2 mg/kg. Tn the 
group administered the lowest dose of cA2, 0.5 mg/kg, 
there was a final 93% survival rate (14/15). By contrast, 
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DISCUSSION 

In this study we evaluated the effect of the chi- 
meric anti-human TNF monoclonal antibody cA2 on 
both the in vitro and in vivo biological activities of 
TNF. cA2 exhibited potent neutralizing activity against 
TNF-mediated effects on human fibroblast, neutrophil 
and endothelial cell cultures. In the bioassays exam- 
ined, 4 ug/mL of cA2 was sufficient to prevent the 
biological effects of an optimal challenge dose of TNF. 
The effects of cA2 were dose-dependent and highly 
specific. Incubation of cA2 with TNF directly inhibited 
the binding of TNF to receptor-containing cell mem- 
brane preparations and to recombinant constructs of 
the human p55 and p75 TNF cellular receptors. The 
neutralizing activity of cA2 could also be demonstrated 
in vivo, as evidenced by the ability of cA2 to reverse 
both the phenotype and accelerated mortality seen in 
transgenic mice that express the human TNF gene. In 
this case, cA2 efficacy was demonstrated in a chronic 
disease model by administering the drug over a period 
of 8 weeks. The potency of cA2 was evidenced by the 
suppression of mortality and weight loss with cA2 doses 
as low as 0.5 mg/kg administered twice weekly. These 
observations support and extend our previous studies 
which showed cA2 to be a high-affinity, highly-spe- 
cific, TNF neutralizing antibody. 22 

The data presented for cA2 are consistent with the 
previously reported benefit of anti-TNF therapy in 
animal models of bacterial sepsis. Sepsis is a complex 
syndrome and it may be necessary to develop thera- 
peutic modalities which target multiple disease media- 
tors. Although clinical trials using passive anti-TNF 
immunotherapy are underway, 34 no efficacy data have 
been reported. 

How do these findings relate to the potential 
application of cA2 to human autoimmune disease? In 
the case of RA, TNF has been implicated as a primary 
mediator of the chronic inflammation, although other 



TABLE 3. Mortality and weight changes in TNF transgenic mice treated with cA2 



Group 


Studv entry 
. (week 3) 


Study midpoint 
(week 7} 


Study termination 
(week 11) 




Average 
wt(g) 


Number of 
Survivors 


Average 

wl (g) 


Number of 
Survivors 


Average 
wl (g) 


8 mg/kg c A2 


7.4 


15 


16.0 


15 


20.0 


2mg/kgcA2 


9.3 


15 


16.9 


15 


19.6 


0.5 mg/kg CA2 


7.6 


i4 


t e n 


\A 


16.8 


8 mg/kg control 
antibody 


10.0 


4 


11.4 


1 


14.9 



Three week old Tg21 1 iransgenic mice expressing rhTNF (n = 15 per group) were injected twice weekly with cA2 
or an wotypc-malched control antibody. Weight* were measured weekly and represent the average of surviving 
animals. 




Weeks after birth 



Figure 8. Survival curves of rhTNF transgenic mice treated with 
0.5 (O), 2 (A) and 8 (□) mg/kg cA2 IgG or 8 rag/kg control anti- 
body (•). 

Treatments were given twice weekly beginning at 3 weeks of age and 
continued for 8 weeks. 



the control antibody group had a final survival rate of 
7% (1/15). The difference between the least protective 
cA2 group (0.5 mg/kg) and the control group was highly 
statistically significant, log-rank P = 0.0001 . The benefi- 
cial effect of cA2 was also evident when comparing 
weight gain between groups. Table 3 shows the average 
weight for each group at study entry (week 3), at study 
mid-point (week 7), and at study termination (week 11). 
Animals in the three cA2 treatment groups showed 
significant weight gain throughout the 8-week study 
which averaged 134%. By contrast, the control group 
showed only a modest (49%) weight gain throughout 
the 8-week study. Even this modest weight gain in the 
control group may be an overestimation since the con- 
trol animals that died during the study may have expe- 
rienced the least weight gain; however, they were obvi- 
ously excluded from the later time points. 



inflammatory cytokines arc also important, 1615 TNF 
has been shown in vitro to cause proliferation of 
synovial cells* as well as fibroblasts 26 which could di- 
rectly contribute to pannus formation and fibrosis, re- 
spectively. This correlation is strengthened by the 
report that TNF is produced by cells at the cartilage- 
pannus junction 57 and is secreted spontaneously by 
cultured cells from synovial fluid from RA patients. 19 
Thus, the ability of cA2 to block TNF-induced 
mitogenesis of human diploid fibroblasts, as well 
as their secretion of IL-6, may be relevant to this 
phenomenon. Pannus formation in diseased joints is 
accompanied by increased expression of ICAM-1, 14 
which can be upregulated by several cytokines includ- 
ing TNF and IL-1, and leads to the infiltration of 
mononuclear cells. In the present study, cA2 has been 
shown to block TNF-induced ICAM-1 (as well as E- 
selectin) expression by cultured human endothelial cells. 
The blocking by cA2 of ICAM-1 and E-selectin ex- 
pression directly resulted in decreased adherence of 
human neutrophils to endothelial cell monolayers. 
Neutrophils are numerous in synovial fluid from RA 
patients and it is likely that their activation leads to 
further necrosis of tissue. It may therefore also be 
important that c A2 can block the priming of neutrophils 
by TNF. Although not investigated in this study, TNF 
also is involved in the induction of collagenase in 
synovial cells, 3 * the inhibition of prostaglandin synthe- 
sis by articular chondrocytes 30 and the stimulation of 
bone resorption. 40 Moreover, it has been shown that 
the use of an anti-human TNF monoclonal antibody 
completely neutralizes development of disease in a 
human TNF transgenic model of arthritis. 20 The poten- 
tial for reducing RA joint disease using an anti-TNF 
antibody approach has also been demonstrated in a 
murine model of collagen-induced arthritis. 41 Mice were 
treated weekly with 10 mg/kg of anti-murine TNF anti- 
body, with treatment beginning either before immuni- 
zation with type II collagen or after immunization and 
onset of clinical arthritis. In both circumstances, the 
anti-TNF antibody reduced swelling of the paws and 
severity of disease by histopathological assessment of 
the arthritic joints. 

While numerous cytokines such as TNF, IL-1, 
IL-6, GM-CSF and TGF-P have been identified in 
joint synovial fluids of patients with RA, 15 recent stud- 
ies by Feldmann and colleagues suggest that TNF may 
regulate the levels of these other cytokines. 42 - 43 Earlier 
studies have demonstrated that TNF is a potent in- 
ducer of IL^l in endothelial cells 44 and monocytes, 43 as 
well as of IL-6 46 and GM-CSF. 47 Cells cultured from 
the synovial fluid from the diseased joints of RA pa- 
tients continue to spontaneously produce bioactive 
IL-1. The addition of a polyclonal, neutralizing anti- 
human TNF antibody specifically reduced the levels of 
bioactive IL-10 produced. 44 In a similar set of experi- 
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ments, levels of bioactive GM-CSF were shown to be 
significantly reduced by the addition of neutralizing 
anti-human TNF antibodies to the media of cultured 
synoviocytes from RA patients. 45 These results pro- 
vide a clear rationale for the evaluation of anti-TNF 
therapy in RA, and results from initial studies to assess 
safety and efficacy in RA patients arc encouraging. 24 

TNF also has been cited as a potential mediator in 
several other autoimmune diseases. Elevated serum 
levels of TNF correlate with relapsing ulcerative colitis 
and chronic Crohn's disease 48 and TNF in the stool of 
patients with inflammatory bowel disease may be a 
marker which correlates with disease activity. 4 " A tem- 
porary remission has been described in a Crohn's 
patient treated with c A2. 23 In this case report, a Crohn's 
patient who was unresponsive to conventional treat- 
ment received two doses of cA2 (10 mg/kg) spaced two 
weeks apart. Over a period of ten weeks after treat- 
ment, the patient gained weight and showed reduction 
in standard indexes of disease activity as well as com- 
plete endoscopic remission. Symptoms returned ap- 
proximately 3 months after treatment. Anti-TNF anti- 
bodies have also been evaluated in experimental allergic 
encephalomyelitis (EAE), an autoimmune demyelin- 
ating disease in mice which mimics multiple sclerosis. 
Treatment of mice with neutralizing anti-TNF anti- 
bodies prevented transfer of EAE symptoms by a T 
cell clone 50 and delayed relapse caused by bacterial 
superantigen. 51 

It should be pointed out that the precise molecular 
role(s) of TNF in each of these disease states remains 
to be elucidated, and that further understanding of 
localized versus systemic effects of this cytokine is criti- 
cal to the rational design of targeted anti-TNF therapy. 
This is particularly important as the role of TNF may 
be beneficial in certain disease slates and under certain 
conditions. 52 Highly specific, potent neutralizing agents 
such as cA2 provide a valuable tool for the elucidation 
of TNF biology in human disease, and may serve as 
new forms of therapeutic intervention in those cases 
where a causal relationship between aberrant TNF 
expression and disease pathology can be established. 
The results of the present study demonstrate the po- 
tential usefulness of cA2 and provide a rationale for its 
continued evaluation in human disease. 

MATERIALS AND METHODS 

Reagents 

The n*0!ioclo naJ chimeric mouse/human anti-TNF IgG, 
(cA2) antibody was isolated from concentrated hybridoma 
cell supernatant by Protein A-Sepharose chromatography 
and ion exchange chromatography. Chimeric mouse/human 
7E3 anti-platelct IgG,. chimeric mouse/human 17-1A anti- 
tumour antigen IgG,. and chimeric mouse/human MT-412 
anti-CD4 IgG, were also purified by Protein A-Sepharose 
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chromatography and used as isotype-matched, irrelevant an- 
tibody controls. Lyophilized, carrier free recombinant hu- 
man TNF (rhTNF) was obtained from Dainippon, Osaka, 
Japan: from Suntory, Osaka. Japan; and from Biosource, 
Cam aril] o, CA. The anti-E-seIec(in antibody HI 877 was a gift 
from Dr M. Bevilacqua, formerly at Brigham and Women*s 
Hospital, Boston, MA. Anti-ICAM-1 antibody #11 was a gift 
from Dr G. Riethmuller, University of Munich, Germany. 
HI 8/7 and #11 antibodies were iodinated to a specific activity 
of 2-3 uCi/ug using Iodobeads (Pierce, Rockford, IL) as per 
the manufacturer's instructions. Human umbilical vein 
endothelial (HUVE) cells were obtained from Cell Systems, 
Kirkland, WA. The FS-4 fibroblast line was established and 
has been maintained at the New York University Medical 
Center. Recombinant constructs of the p55 and p75 human 
TNF receptors were a gift from Dr Bernard Sea lion, Depart- 
ment of Molecular Biology, Centocor, Inc. Briefly, the p55- 
sf2 construct contains the extracellular domain of human p55 
fused to eight amino acids of human antibody J sequence 
followed by all three constants domains of human IgGl. It is 
disulfide bonded to a human kappa light chain constant 
region. The p75P-sf2 construct is the same as p55-sf2 except 
it contains a truncated form of the extracellular domain of 
human p75. Both constructs were purified from cell culture 
supernatant by Protein A affinity chromatography. 

Cell culture 

Human umbilical vein endothelial (HUVE) cells were 
grown in complete HUVE medium (Cell Systems, Kirkland, 
WA) containing 15% fetal bovine scrum (FBS; Hyclone, 
Logan UT) supplemented with growth factor (CS-HBGF-I/ 
H; Cell Systems, Kirkland, WA) on T-75 tissue culture flasks 
(Corning, Corning, NY). All plasticware used for HUVE cell 
culture was coated first with attachment factor (Cell Sys- 
tems, Kirkland, WA) by wetting the surface with attachment 
factor and removing the excess fluid prior to introducing 
cells. Cells were serially passaged by splitting 1:3 in the same 
medium every 3-5 days and all assays were performed on 
cells at passages 2-4. 

FS-4 fibroblasts were grown in modified Eagle's me- 
dium (MEM) containing 5% FBS in T-75 flasks. Cells were 
serially passaged by splitting 1:5 in the same medium every 2 
weeks; cells at passage level 13 to 15 were used in the experi- 
ments. 

Mitogenesis assay 

FS-4 fibroblasts were seeded at 8 x 1 0 3 cells/well in a 96- 
well tissue culture plate in MEM containing 5% FBS and 
cultured for 18 h at 37°C. Recombinant human TNF was 
diluted in complete MEM to final concentrations of 0,0.1 , 0.5 
and 2 ng/mL in the absence or presence of 4 iig/mL test 
antibody. The samples were preincubated for 20 min at room 
temperature, then 0.1 mL was added to quintuplicate wells 
and incubated at 37°C for 5 days. The cells were rinsed wiiii 
phosphate buffered saline (PBS) pH 7.2, then fixed by add- 
ing 50 uL/well of 10% formalin in PBS for 15 min at room 
temperature. The fixed cells were then stained with 50 uL/ 
well of 0.05% naphthol blue black in 9% acetic acid, 0.1 M 
sodium acetate for 30 min at room temperature. The cells 
were then rinsed thoroughly with distilled water, and the 



bound dye was eluted with 150 u,L/wcll of 50 mM NaOH. 
Absorbance of the eluted dye was determined at 630 nm. 

Assay for IL-6 

FS-4 fibroblasts were seeded at 2 x 10 4 cells/well in a 96- 
well tissue culture plate in MEM containing 5% FBS and 
cultured overnight at 37°C Recombinant human TNF was 
diluted to final concentrations of 0, 0.3, 1.5 and 7.5 ng/mL in 
the absence or presence of 4 ug/mL test antibody. The sam- 
ples were preincubated for 20 min at room temperature, then 
0.1 mL was added to duplicate culture wells and the incuba- 
tion continued for 18 h. The cell supernatants from duplicate 
wells weTe pooled and stored at -20°C. The amount of IL-6 
present in each sample was determined using an ELISA- 
based plate assay (Quantikine IL-6, R&D Systems, 
Minneapolis, MN) as described by the manufacturer. 

Procoagulant activity assay (PCA) 

The PCA assay was performed on HUVE cells plated at 
1.5 x 10 5 cells/well in 24-well tissue culture plates (Falcon) 
coated with attachment factor. Confluent monolayers were 
washed three times with 500 nLVwell of RPMI 1640 (JRH 
Biosciences, Lenexa, KS) containing 1 % FBS and 0.3 mg/mL 
L-glutamine (JRH Biosciences, Lenexa, KS). Antibody sam- 
ples were tested at 3.3, 1.1, 0.37 and 0.12 ug/mL for neutrali- 
zation of rhTNF at a final concentration of 25 ng/mL. 
Medium alone (no rhTNF) and medium plus 10 ug/mL cA2, 
were used as negative controls while medium containing 
rhTNF at 25 ng/mL (no antibody) was used as a positive 
control. All dilutions were prepared in complete RPMI 
medium and weTe preincubated for 30 min at room tempera- 
ture prior to incubation with the endothelial cells. Test solu- 
tions were dispensed into duplicate wells, 500 uL/well, and 
incubated for 4 h at 37°C. The test solutions were removed 
with gentle aspiration and the cells were washed as described' 
previously. Three hundred microliters of complete RPMI 
were dispensed into each well and the plates were immedi- 
ately frozen at -70°C Cell lysates were prepared by thawing 
the plates at room temperature, resuspending all cell debris, 
and freezing and thawing each plate two more times. The 
plasma clotting assay was performed after equilibrating all 
reagents at 37°C Dotting was initiated by mixing 0.1 mL of 
fresh, citratcd human plasma, 0.1 mL of cell lysate and 0.1 
mL of 30 mM CaCl 2 in a glass lube and incubating at 37°C. 
The time required for the clot to form (by visual inspection) 
was recorded and the mean and standard deviation from 
duplicate cell lysates were calculated. 

Adhesion protein assays 

The E-selectin and ICAM-1 assays were performed on 
HUVE cells plated at 5 x 10 4 cells/well in 96-well tissue 
culture plates (Costar 3596, Cambridge, MA) coated with 
aCtachrr.cni fzcter. Confluent monolayers were gently washed 
twice using a multi-channel pipettor with 150 pL/well of 
HUVE medium. Twofold serial dilutions of cA2 or cl7-l A 
were prepared in medium containing 10 ng/mL rhTNF. 
Medium alone was used as a negative control while medium 
containing 10 ng/mL rhTNF was used as a positive control. 
Test solutions were dispensed into triplicate wells, 100 ulV 
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weJJ, and incubated for 4 h (E-sclectin assay) or 23 h (ICAM-1 
assay) at 37°C. The test solutions were removed with a multi- 
channel pipcttor and the iodinated probes were added. Ex- 
pression of adhesion protein was detected by incubating the 
cells for 2 h at room temperature with '"I anti-E-sclectin 
antibody H18/7 F(ab') 2 or '"I-anti-ICAM-1 #11 IgG diluted 
to 10 ug/mL in complete HUVE medium (300000 cpm/100 
pL/well). The cells were then washed 4x with RPMM640 
containing 10% FBS, and the well contents solubilized and 
counted for l25 l in a gamma counter. 

Neutrophil adhesion and priming assays 

Neutrophils were isolated from 100 mL of fresh human 
blood drawn into heparin. Ten millilitres of blood were lay- 
ered onto 5 mL of Mono-poly resolving medium (Flow Labs, 
McLean, VA) in a 15 mL conical centrifuge tube and centri- 
fuged at 750 X g for 30 min at room temperature. Additional 
centrifugation for 30 min at 900 X g was generally required 
to completely separate the bands of cells. The top band 
containing T and B cells was discarded and the lower band 
containing polymorphonuclear cells was collected. The 
neutrophils were washed with Hank's buffered saline (with- 
out magnesium and calcium) and were resuspended in RPM1- 
1640/10% FBS. 

For the adhesion assay, HUVE cells grown in 24-well 
tissue culture plates were stimulated for 4 h at 37°C with 
rhTNF (250 n^mL), IL-la (40 units/mL: Genzyme, Boston. 
MA) or £. coli J5 LPS (10 ng/mL: List Biological Laborato- 
ries, Campbell, CA) in RPMM640/10% FBS containing the 
indicated concentration of test antibody, or with medium 
alone. The HUVE monolayers, containing about 3 x 10 5 
cells per well, were then washed once and overlaid with 
0.1 mL of RPMI- 1640/10% FBS containing 1 X 10* 
neutrophils. After incubation for 45 min at 37°C, the 
monolayers were genlly washed three times with RPMI- 
1640/10% FBS and then solubilized with 0.25 mL of 50 mM 
potassium phosphate pH 6.0 containing 0.5% 
hexadecyltrimethylammonium bromide (HTAB). The 
solubilized monolayer samples were then quantitated using 
the myeloperoxidase assay in which known quantities of 
isolated neutrophils were processed in the same manner and 
used to generate a standard curve. Standard samples were 
analysed in duplicate while test samples were tested in tripli- 
cate. Reagents were added to the wells of a 96-weII microtiter 
plate in the following order: 55 pL of 80 mM potassium 
phosphate pH 5.4: 15 uL of sample, standard or blank; 20 uL 
of 0.3 mM hydrogen peroxide in 80 mM potassium phos- 
phate pH 5.4; 10 uL of 16 mM 3,3',5,5'-tetramethylbcny.idine 
in N, N'-dimethylformamide. The plate was incubated for 15 
min at room temperature and the reaction stopped by adding 
100 uL of 1 M phosphoric acid per well. The optical density 
of each well was read at 450 nm. Photomicroscopy of HUVE 
ce!! TT.ene!2ye r ? n * lOOx magnification was performed using 
a phase contrast Nikon IMT-2 inverted research microscope. 

For neutrophil oxidative burst assays, 2.5 X lO^cells/mL 
were primed with 2.0 ng/mL rhTNF in the presence of the 
indicated concentration of test antibody for 60 min at 37°C. 
Primed cells were activated (or mock-activated) with 0.1 uM 
FMLP (Sigma, St. Louis, MO) for 10 min at 37 Q C in the 
presence of 1 mg/mL cytochrome C (Sigma, Si. Louis. MO). 



The cells were then microcemrifuged for 5 min and the OD 
of the supcrnatants read at 550 nm. Duplicate samples con- 
taining 10 Mg/mL superoxide dismutase (SOD; Sigma) were 
run in parallel and the background OD obtained subtracted 
from samples without SOD. The results were converted to 
nM superoxide ion using the extinction coefficient for (re- 
duced cytochrome c) - (oxidized cytochrome c) for a 3 mm 
path length.* 

Receptor binding assays 

,: *l-rhTNF binding to U937 membranes was performed 
using a New England Nuclear (Boston, MA) ligand binding 
kit. Briefly, 45 pM of ,:s I-rhTNF (40-50 uCi/ug), the indi- 
cated concentrations of test antibody and U937 membranes 
provided, were incubated as described in the manufacturer's 
instructions in a final volume of 250 pi for 3 h on ice. Mem- 
brane bound tracer was separated from free tracer by vacuum 
filtration over GF/C filters. The filters were washed 2 X 4 ml 
with I he wash buffer provided. Data were expressed as the 
mean ± SEM of three separate experiments and graphed as 
percent of control I -rhTNF binding in the absence of anti- 
body (approximately 1100 cpm). Binding of tracer in the 
presence of 10 ug/ml of a negative control antibody was 
96% ± 1%. 

To assess ,>5 l-rhTNF binding to recombinant constructs 
of the p55 and p75 cellular receptors for TNF. 50 pL of a 
5 pg/mL solution of either p55 or p75 receptor fusion pro- 
teins in PBS was incubated on polystyrene 96-weil plates for 
3 h at 37°C. The wells were washed and blocked for 1 h at 
37°C with PBS containing 1% BSA. Equal volumes (25 pL 
each) of serially diluted cA2 in PBS/1% BSA and 2 x 
rhTNF (final concentration = 4 ng/mL) were added to dupli- 
cate wells. Plates were incubated for I h at 37°C, washed 
2 X 200 pL with PBS and the radioactivity bound was counted 
in a gamma counter. Binding of tracer in the presence of 
10 pg/mL negative control antibody was 2270 cpm. 

Transgenic mouse protection model 

Tg2Il transgenic mice were bred as previously de- 
scribed 1 " and randomly divided into groups of 15 animals 
each. These groups received twice-weekly intraperitoneal 
injections of 10 pL per gram average body weight to achieve 
a final dose of 0.5, 2 and 8 mg/kg cA2 IgG. A fourth group 
received 8 mg/kg of an isotype-matched control antibody. 
Investigators (LP and GK) performing the experiment at the 
Hellenic Pasteur Institute were blinded with respect to the 
drug each treatment group received during the course of the 
study. Injections of test antibody were initiated when the 
mice reached 3 weeks of age, and the study was terminated 
after 8 weeks of treatment. Average weight and mortality in 
each group was recorded weekly. 

* ■ ■ x_ 
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Abstract The pathogenesis of disseminated intravascular coagulation (DIC) has, in 
part, been attributed to the impairment of the natural anticoagulant protein 
C/protein S pathway. DIC, which frequently occurs during sepsis, has been 
linked to cytokines that can induce or modulate procoagulant activity. Three 
of these cytokines, IL-la, IL-6, and TNF-a have been reported to be 
increased in the early stages of sepsis. In the present study, we have 
stimulated HepG-2 hepatoma cell cultures with recombinant human IL-la, 
IL-6, TNF-a, and oncostatin M (OSM). The results demonstrated that TNF-a, 
and to a lesser degree, IL-la, could significantly suppress IL-6 upregulation of 
protein S, whereas the effects of OSM was only suppressed by the combination of 
IL-la and TNF-a. The combination of IL-la and TNF-a also suppressed protein 
S production below that of control or basal levels. These results indicate that IL- 
la and TNF-a may play important regulatory roles in coagulation. 



The protein C/protein S anticoagulant pathway is critical in maintaining a balance between 
activation and inactivation of the coagulation cascade. The clinical importance of this 
pathway has been demonstrated by the association of thrombosis with either congenital or 
acquired deficiency of either protein C or protein S (1-10). Several recent studies have 
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suggested that this anticoagulant pathway could act as a pathophysiological link between 
coagulation and septic shock (6,9,11-17). The clinical significance of these anticoagulant 
proteins has been further delineated in both animal models and human studies in which 
infusions of either protein C or protein S decreased the hypercoagulabie complications 
associated with disseminated intravascular coagulation (DIC) in sepsis (9,11,14,15). 

Protein C, a vitamin K-dependent protein and zymogen of a serine protease, is activated 
following the interaction of thrombin with its receptor, thrombomodulin (18). Once 
activated, protein C forms a complex with its cofactor protein S, also a vitamin K-dependent 
protein, and enzymaticaliy inactivates the thrombogenic factors Va and Villa (19-22), 
thereby inhibiting coagulation. Protein S exists as two forms in the plasma, free and bound. 
Approximately 40% of protein S is physiologically active and free in the plasma while the 
remainder is inactive and bound in a 1:1 stoichiometric complex with the C4b-binding 
protein (C4BP) (23-25). Although the pathophysiological events that contribute to the 
impairment of the protein C/protein S system are poorly understood, proinflammatory 
cytokines are known to play a role in procoagulant activation (17, 26-31) as well as in the 
regulation of thrombomodulin (27,32,33). Two cytokines known to be increased in sepsis, 
tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6), are thought to play a central 
but somewhat diverse role by not only causing tissue damage (34) but also by inducing the 
acute-phase response (35-38). While TNF-a has been considered a principal mediator of 
both procoagulant activity (26,27) and sepsis, (28-31,39), recent data from experimental 
endotoxemia in baboons have suggested that IL-6 may also be an intermediary factor in the 
activation of coagulation (17). 

We have previously shown that protein S and its negative regulator, C4BP were upregulated 
by both IL-6 and OSM in the human hepatoma cell line, HepG-2 (40). We now show that 
TNF-a significandy suppresses the IL-6, but not the OSM effect on protein S. This 
observation is indicative of a negative regulatory role for TNF-a in the IL-6 mediated 
synthesis and regulation of the hepatocyte derived anticoagulant protein S. 



MATERIALS AND METHODS 



Cell culture 

The HepG-2 human hepatocellular carcinoma cell line was obtained from the American Type 
Culture Collection, Rockville, MD, USA and propagated as adherent monolayer cultures 
which were incubated in a 37°C, 5% C0 2 , humidified atmosphere. Cells were grown in 
Eagles's minimal essential medium that contained penicillin-streptomycin (50 U/ml and 50 
jig/ml respectively); nonessential amino acids and sodium pyruvate (1 mM in Earle's BSS), 
and 10% fetal bovine serum (Gibco BRL, Grand Island, NY 8 ). Experiments were 
performed with cells between passage levels 12-20. Cells were plated at a density of 1.0 X 
10* cells/cm 2 in 2.0-cm 2 24-well or 0.32-cm 2 96-well culture plates (Costar, Cambridge, 
MA). When monolayers were about confluent, 24- 48-hours, supernatants were removed 
by aspiration and adherent cells washed with phosphate buffered saline. Fresh media (0.25-1 
ml), with or without added cytokine, was then added to each well (zero time). Culture 
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fluids were harvested at scheduled intervals for protein S antigen quantification by enzyme- 
linked immun sorbent assay (ELISA). Each experimental determination was performed 
with fluids from 4-8 replicate culture wells. 

Statistical analysis 

Data presented here represent measurements from 4-8 replicate culture supernatants and are 
expressed as mean and standard deviation of the mean. Probability (P) values were 
determined (Student's t-test) from measurements of replicate culture fluids, and P values of 
< .05 were considered statistically significant. Additionally, experimental determinations 
were repeated a minimum of three times. 

Cytokines 

Recombinant human IL-la, IL-6 and its soluble receptor gp80, OSM, and TNF-a were 
obtained commercially (R&D Systems, Inc., Minneapolis, MN) and employed at or near 
physiological concentrations as indicated in the RESULTS section. The manufacturer had 
determined endotoxin levels to be <0.1 ng per 1 j*g of cytokine. 

Antibodies 

A goat anti-TNF Rl antibody (AB225-PB) against the 55-kDa human TNF Rl receptor, 
which reportedly does not cross-react with human recombinant TNF BPII (75-kDa TNF 
receptor) and exhibits TNF agonist activity on the human cell line A549, was purchased from 
R&D Systems, Inc. To determine if this antibody demonstrated agonist activity on the 
HepG-2 cell line, the antibody (10 pgfml) was substituted for TNF-a in some experiments, 
and protein S levels in culture fluids were measured by ELISA and compared with those in . 
untreated and TNF-a treated cultures. 

ELISA 

The ELISA used to quantify protein S in cell culture fluids has been previously described 
(41). Briefly, goat anti-protein S antiserum (American Diagnostica, Greenwich, CT) 
fractionated on DEAE-Sephadex A50 (fall through after equilibration in 0.1M Tris-HCl pH 
8.3, 0.05M NaCl) was used as capture antibody (1.5 fig in 100 p\ Tris-HCl, 0.05 M, pH 9.0 
per well). Rabbit anti-human protein S second antibody (Sigma, St. Louis, MO) was used at 
1:2000 in phosphate buffered saline, 5% normal goat serum, and detected with horseradish 
peroxidase (HRP)-conjugated donkey anti-rabbit IgG (Amersham) diluted 1:1500 in the same 
buffer. HRP activity was measured against o-phenylenediamine (Sigma) dissolved at 0.4 
mg/ml in 0.05 M citrate-phosphate buffer, pH 5.0 containing H^Oj (0.00133%). Absorbance 
at 490 nm was determined with an EL312e Microplate Reader (Biotek, Winooski, VT). Data 
reduction used the KinetiCalc software package (Biotek). Purified protein S used for 
calibration and as a positive control was obtained from American Diagnostica and has been 
previously characterized (10,41). 
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RESULTS 



IL-6 treatment of HepG-2 hepatoma cells resulted in protein S levels which were significantly 
(P<.05-.001) increased over basal levels (Fig, 1). TNF-a, at 1 ng/ml, partially suppressed 
protein S upregulation by IL-6 in the HepG-2 hepatoma cells and completely suppressed the 
response at concentrations of ^10 ng/ml (Fig. 1). 

It was earlier observed that IL-6 had a modest negative effect on HepG-2 hepatocyte cell 
proliferation (40). In the current series of experiments, TNF-a or the combination of IL- 
6/TNF-a had no significant effect on proliferation over that of IL-6 alone (data not shown). 



100 




24 48 72 96 
Hours 

FIG. 1. 

IL-6 upregulation of protein S in HepG-2 hepatoma cells was suppressed by 
TNF-a and was shown to be dose dependent. Error bars represent one 
standard deviation about the mean value. 
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The monoclonal antibody directed against the TNF 55 kDa receptor-I (anti-TNF RI) acted as 
an agonist by suppressing IL-6 mediated upregulation of protein S (Fig. 2). Although TNF- 
a and anti-TNF RI had similar suppressive effects, no synergism was bserved when both 
were used in combination (data not shown). The combination of IL-6 and its soluble 
receptor (sIL-6R), previously determined to result in a significant upregulation of protein S 
over that of IL-6 alone (40), was suppressed by both TNF-a (Fig.3) and anti-TNF RI (data 
not shown). 

The effect of IL-la was intermediate to that of TNF-a (Fig. 4 cf. Fig. 1). When IL-la and 
TNF-a were combined, a synergistic effect was observed in which protein S levels were 
slightly below values seen in the control cells (Fig. 4). 
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FIG. 2. 

IL-6 upregulation of protein S in HepG-2 hepatoma cells was suppressed 
by the TNF agonist, anti-TNF RI 
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FIG. 3. 



IL-6/sIL-6R upregulation of protein S in HepG-2 hepatoma cells was 
suppressed by TNF. 
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IL-la partially blocked IL-6 upregulation of protein S and synergized with 
TNF-a to downregulate protein S in HepG-2 hepatoma cells. 
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FIG. 5 

OSM upregulation of protein S was blocked by the combination of IL-lo and 
TNF-a but not blocked by either when used separately with OSM. 



Oncostatin M (OSM) upregulation of protein S was not effected by either IL-la or TNF-a 
(Fig. 5). However, in combination, IL-la and TNF-or synergized to suppress the OSM 
mediated upregulation of protein S to basal levels (Fig. 5). OSM in combination with IL-6 
produced a modest but non-significant increase in protein S over that of OSM. 

DISCUSSION 

Activation of the coagulation Cascade is associated with sepsis and disseminated^ intravascular 
coagulation (DIC), frequently occurs as a complication. Although the pathological 
mechanisms responsible for DIC are not clear, some data indirectly indicate that impairment 
of the protein C/protein S anticoagulant system may be a contributing factor (11-17,31,32). 
It has been previously shown that IL-6 upregulated protein S synthesis in HepG-2 cells (40), 
while TNF-a downregulated protein S production in endothelial cells (42). In the current 
study, we have investigated the combined effects of IL-la, IL 6, TNF-or, an<» OSM on 
hepatic protein S production using the HepG-2 heptoma cells as a model. Our results show 
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that: 1) TNF-a significantly suppressed protein S upregulation by IL-6, but not by OSM; 2) 
the TNF-a agonist, anti-TNF RI monoclonal antibody, similarly suppressed IL-6 induced 
protein S upregulation; 3) the enhancement of the IL-6 effect by sIL-6R was suppressed by 
TNF-a; and 4) IL-la was significantly less suppressive of protein S upregulation by H^6 
and OSM, and the combination of IL-la and TNF-a synergized to totally suppress IL-6 
mediated protein S upregulation. 

Although IL-6 serum levels have been reported to be elevated in sepsis (43), its role is 
presently not clear. The acute-phase reaction, triggered by IL-6, is generally considered 
beneficial, having a protective role for the host (37-38). However, a recent report has 
indicated that IL-6 may play an indirect role in coagulation activation in sepsis (17). Our 
previous data, which reported IL-6 upregulation of both protein S and C4BP (40), did not 
address previously reported clinical observations of decreased free protein S levels that were 
concomitant with elevated C4BP levels. This apparent physiologic imbalance has been 
documented in some inflammatory conditions that had been associated with a predisposition 
to thrombotic episodes (5-7,15,44). The results presented here, together with our companion 
paper, has clarified this apparent paradox by demonstrating that TNF-a blocked the IL-6 
upregulation of both protein S and C4BP. These findings were not surprising since it has 
been earlier shown that TNF-a inhibited the IL-6 upregulation of other hepatic proteins such 
as C-reactive protein and serum amyloid A in primary cultures of human hepatocytes (45) as 
well as fibrinogen and haptoglobin in HepG-2 cultures (46). 

Oncostatin M has previously been reported to induce acute-phase proteins in the HepG-2 
cells as well as in other hepatic derived cells (47). It has been suggested that OSM could 
regulate the in vivo acute-phase response in at least two ways, with neither mutually 
exclusive of the other; OSM could induce IL-6 production in endothelial cells, thereby 
increasing the levels of circulating IL-6 , or it could induce the acute-phase response by 
interacting directly with hepatocytes. The biological effects of OSM and IL-6 are very 
similar because they both share the gpl30 component of the IL-6 receptor complex. 

The observation that, in contrast to IL-6, TNF-a had no effect on oncostatin M mediated 
upregulation of protein S, though unexpected, could be due to several possibilities. For 
example, the negative effect of TNF-a may be mediated through ligand binding receptor 
pathways, such as the gp80 component of the IL-6 receptor. Alternatively, a post-receptor 
signalling pathway could be a target of TNF-a. OSM upregulation of protein S in the 
presence of TNF-a further illustrates the importance of functional redundancy in the cytokine 
network for maintaining homeostasis and host protection. However, TNF and IL-1 in 
combination could be an overriding event leading to a procoagulant condition. Taken 
together with our earlier data (40), these results indicate that perhaps the most important role 
of IL-6 during inflammation and sepsis is protective by eliciting the acute-phase response 
and maintaining a balance in the hepatic anti-coagulation proteins. Impairment of the protein 
C/protein S pathway may be a TNF-a and IL-la mediated event that leads to a hemostatic 
imbalance favoring a procoagulant bias through downregulation of both endothelial cell 
protein S (42) and thrombomodulin (32). Since high levels of IL-6 in sepsis generally follows 
TNF-« : it can be argued that IL-6, in part, attempts to restore hemostatic balance. 
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Summary 

Theoretic and in vitro evidence suggests that thrombosis and 
inflammation are interrelated. The purpose of the present study 
was to define the relationship between inflammation and deep 
venous thrombosis (DVT) in an in vivo model. Initiation of DVT 
was accomplished by administration of antibody to protein C 
(HPC 4 , 2 mg/kg) and tumor necrosis factor (TNF, 150 ug/kg); 
stasis; and subtle venous catheter injury. Thrombosis was as- 
sessed by thrombin-antithrombin assay (TAT), l25 I-fibrinogcn 
scanning (scan) over both the proximal and distal iliac veins, and 
ascending venography. Cytokines TNF, interlcukin-6 (11^6), 
monocyte chemotactic protein-l (MCP-1), and inlerleukin-8 (IL- 
8) were measured along with differential white blood cell counts, 
platelet counts, fibrinogen (FIB), and erythrocyte sedimentation 
rates (ESR). Baboon pairs were sacrificed on day 3 (T + 3d), 
T + 6d, and T + 9d and veins removed. All animals developed 
inferior vena cava and left iliofemoral DVT by venography; no 
right DVT was found. TAT was elevated by T + lhr and peaked 
at T + 3hrs. Left iliofemoral DVT was found at T + lhr by scan 
and reached a 20% uptake difference between the affected left 
and nonaffected right side at T + 3hrs. TNF peaked at T + lhr; 
MCP-1 peaked at T + 6hrs; 11^8 and IM> peaked on T + 2d; all 
cytokines declined to baseline. TNF and TAT elevations were 
found to correlate with all cytokines; elevations in IL-8 were 
correlated with elevations in MCP-1 and 11^6 (p <0.05). Correla- 
tion between cytokines and scan revealed a significant (p <0.05) 
relationship only between elevations in IL-6 and distal iliac fibrin 
accumulation; no significant correlation was found between 1L-8 
and MCP-l and scan. Increased mature polymorphonuclear 
leukocytes were found by T + 2d; immature forms were promi- 
nent at T + 3hrs, T + 6hrs, and T + 2d. Increased monocytes 
were noted by T + 4d; increased lymphocytes and platelets by 
T + 8d. ESR and FIB were elevated by T + 3d. Histopathologic 
study revealed venous inflammation at T + 3d, with beginning 
thrombus organization by T + 6d. MCP-1 localized to areas of 
thrombus and phlebitis. The development of DVT in this model 
involves inflammatory as well as coagulant activity. We conclude 
that this model allows studies on the role of inflammatory 
mediators in the development and natural history of DVT 

Introducti n 

Venous thrombosis is treated primarily by anticoagulation 
when it occurs within the deep venous system. However, there is 
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evidence to suggest that thrombosis and inflammation are close 1$ 
interrelated. For example, it is known that tumor necrosis facto? 
(TNF), a polypeptide inflammatory cytokine released in response : 
to sepsis, downregulatcs thrombomodulin expression likely 
through eridocytosis and degradation of this cell-surface receptor 
leading to a hypercoagulable state (1). Tumor necrosis factor ats# 
internalizes the surface cofactor protein S and decreases the 
amount of free protein S available to act as a cofactor fot 
protein C. Additionally, TNF induces the expression of tissue 
factor on the surface of vascular endothelium and inhibits the 
fibrinolytic system by suppressing the release of tissue plasmino- 
gen activator and inducing the secretion of plasminogen activator 
inhibitor type 1 (2-7). Although in vivo TNF has been shown ta 
increase circulating tissue plasminogen activator early after? 
administration, there follows a rapid inhibition thereafter by 
even greater rise in plasminogen activator inhibitor type 1 (8). 
Finally, TNF, by downregulating thrombomodulin, decreases ihs: 
production of protein C which normally inhibits the plasminogen 
activator inhibitor, thus decreasing the fibrinolytic potential of the 
blood. We have previously reported a reproducible model of deop 
vein thrombosis in the baboon involving infusion of a combination 
of the inflammatory cytokine TNFv antibody to protein C 
(HPC 4 ), venous stasis and subtle venous injury (9-10)> Th* 
purpose of the present investigation was to define the importance 
and interrelationship between inflammatory and thrombotic fac- 
tors in this primate model of venous thrombosis which wc belieK 
closely simulates its clinical counterpart. 



Materials and Methods 

Six adolescent baboons, mean weight 4.9 kg, were studied in 3 pairs, 
each pair of which was sacrificed 2 days (T + 3d), 5 days (T + 6d). and 
8 days (T + 9d) after reagent administration (Fig. 1). The animals wt-jv 
anesthetized with tfi mg/kg of ketamine hydrochloride 1M (100 mg-'ifll, ' 
Parke-Davis, Morris Plains, NJ) and 0.5 to 1.0 ml of thiamylal-sodium IV •' 
(2% solution, Bio-tal. Boehringcr Ingclhcim Animal Health tm- 
St. Joseph, MO) and then maintained on isofluranc (1.5%) and oxygpn. • 
anesthesia. The animals were hydrated with lactated Ringers solution.,; 
(10 ml kg" 1 h" 1 ) and subjected to a cut-down in the left femoral region fc* * 
placement of a polyethylene catheter (PE 90) into the left supcrfi'i-iF 
fczr.c™! vein ™ith veno 11 * Ration distal! v and a second catheter into ttrc . 
left superficial femoral artery with ligation distal to the deep fcmi'tfSH : 
artery. These catheters were used for the measurement of hemodyni^m«* 
parameters, blood withdrawal, and venographic evaluation, Continuo*^ 
wave doppler evaluation revealed continued arterial flow distally via t&r •< 
deep femoral artery. The venous catheter was placed so that its tip 
located just at the level of insertion for initial venography and then it 
advanced to the level of the renal veins for the next 6 h. . ; 

After baseline stabilization . HPC 4 was administered intravenously (IV; ■ 
over 5 min at a dose of 2 mg/kg and then 30 min later. TNF was given IV'-; 
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a dose of l * so Mg/kg over 3 min. HPCj (Charles Esmon. Oklahoma 
||:||::^i1ical Research Foundation. Oklahoma City, OK) is a monoclonal 
lij : :>&& l >**y 'f?GI lnat binds 10 an epitope' lnal overlaps the activation 
^l|S^Vi>gc site on protein C. The binding of this antibody is dependent on 
iind this antibody docs not bind cither the activation peptide or 
tiliiastiv ; it«d protein C itself. HPC4 is isolated from mouse ascites fluid by 
||>:|^m>nium sulfate fractionation (50%). desalting, and affinity chroma- 
.%&figf$phy on a 12-rcsiduc peptide corresponding to the epitope linked to 
J 15 at a concentration of I mg/ml. The column is extensively washed 
||ij|feMl4 M NaCI, 0.02 M Tris-HCI, and 2 mM Ca :+ . pH 7.5. The column 
J£%;chJted with 2 M NaC), 1.5 M guanidinc HCI, 2 mM EDTA, pH 7.5, 
||:?.ilisi^ is then immediately desalted on a G-75 column into the appropriate 
||t; : &i£ki\ The HPC 4 corresponds to the last major protein peak to clutc from 
column. Antibody yields arc approximately 1 g from the 100 ml 
||fj;j^&m)n, and yields from the ascites are approximately 7 mg/ml. Rccom- 
|pfjfej»4nt TNF (Cetus, Emeryville, CA) has a bioactivity of 6.5 x lit units/ 
mg, is 95% pure by SDS/PAGE, with an endotoxin concentration 
|||;^.<J58 ng/0.3 mg. 

" ' :: : |!.:! The thrombotic state was assessed by thrombin-ant (thrombin (TAT) 
88^[i*ft^y (Enzygnost TAT, Bchring. Sornmcrvillc. NJ) measuring absorbancc 
111 IN* ^ nm of a chromogen (o-phcnylenediamine dihydrochloridc) using 
||j;j^¥oxidasc-conjugatcd antibodies to the antithrombin 1)1 portion of TAT 
3 .sandwich EL1SA. ,25 l-fibrinogcn scanning and ascending venography 
?!j4ao were used to document location and extent of thrombosis. Prior to 
|||j:i^ugcnt administration, ascending venography was performed through the 
atheter placed into the left superficial femoral vein and from a right 
kphenous vein percutaneous puncture using 10 ml iothalamatc mcg- 
|||Pmauie (60% Conray. Malinckrodt, St. Louis, MO). Next, 5 uCi l35 l- 
||||;fikinogen (ICN Biomedical. Irving, CA) was administered IV and 
|||||;>^ternal scanning was performed over the IVC and at two locations over 
Jj&atrh of the iliac veins as assessed from venography (right and left 
|;|:|'p»oximal. right and left distal) with a low energy gamma scintillation 
If.".;: pjobe (Bicron Corp* Newbury, OH) accumulating counts for 60 s with a 
te;::digital scaler tor each measurement. Urine was aspirated before these 
|||:;:;m5?asuremenis were made in order to correct for overlying bladder 
||;|:: activity. Scanning wa$ quafttitated by determining the ratio of left sided to 
£:tjght sided counts at baseline before thrombus induction and then for each 
|:|: : :.^peri menial lime point., the ratio was corrected for baseline activity. 
jfeSiftee there was a hascliric non-thrombosed sample time point to which 
il&kperi mental activity could be compared, to, norrnalj?atio« over the heart 
■ not performed.; A level of 20% difference between; one iliac vein and 
contralateral ■ iliac vein was considered diagnostic of deep venous 
plirouibosis (DVT), while counts over it he IVC were usijd to determine the 
sfe-ay and elimination of f 25 l!-fibnnogcn over time. 
. For the next 6 h, 1 ^-fibrinogen scanning was pciiftirrned hourly and 
||| : ; *:ccnding venography Was performed 5 h after reagent administration 
||| ; {T + 5hrs). Additionally, the animals were monitored for their phys- 
lte^°g' c response to the infused reagents and thigh/calf girths were 
: measured hourly. Scanning and thigh girth measurements continued daily 
til: .HUtil sacrifice (Fig. 1). Hematologic measurements obtained at baseline, 
h after reagent administration (T + 3hrs), 6 h after reagent administra- 
p:::Vti»n (T + 6hrs), and then daily until sacrifice included differential white 
fe-jblood cell and platelet counts measured by hand hcmocytomctcr methods, 
|g. : ;.f&iinogcn (American Dade, Aguada. Puerto Rico), erythrocyte scdimcn- 
||;;;! t^tion rates (Fisher Scientific), and qualitative fibrin split products 
fci: !- : (Awerican Dade, Aguada, Puerto Rico). During the first experimental 
|j; : ,;^iy ( blood was withdrawn from the indwelling venous catheter. After the 
:;ftFHt day. blood was withdrawn through a butterfly catheter from the right 
||;p&*nmon femoral vein. TAT assays and cytokine levels were obtained at 
"* 3hrs, T + onrs ' an< * daily until sacrifice and also included a sample at 
£ "* i nr f° r lwo pairs °f baboons. Cytokines measured included TNF, 
|g: Uitcrleukin-8 (11^8), intcrlcukin-6 (IL-6), and monocyte chemotactic 
"'^Otein-l (MCP-1). 



IV). 
IV 



£hmi-automatcd WEHI J 64 subclone 13 fibrosarcoma lytic assay (II). 
j^Hetly, WEHI cells were suspended at a concentration of 5 x 10 4 cells in 
|#0ml of RPMI-1640, 10% FCS. 1 mM glutaminc, 0.5 mg/ml actinomy- 
|i£f a an d plated in 96-well culture plates. Samples were serially diluted 
•|#*d 100 ul added to each well. Plates were incubated for 20 h at 37° C in 
air and 5% CO2. This was followed by the addition of 20 ul of 3-(4.5- 
|$mcthylthiiazol-2-yl)-2,5 dephcnyltctrazolium bromide (MTT, 5 mg/ml; 
!$i{5ma Chemical, St. Louis. MO) for an additional 4 h. One hundred fifty 
|M. of supernatant fluid was removed from each well and replaced with 



100 pi of isopropanol acidified with 0.04 M HCI (3.4 ul/ml isopropanol) to 
dissolve the teirazolium crystals. Culture plates were read in a micro 
EL1SA reader at 540 nm. Units of TNF were defined using an internal 
standard of human recombinant TNF with a specific activity of 22 units/ng 
protein. Rabbit anti-human TNF*a neutralizing antibody was used to 
establish the specificity of TNF induced cell lysis. This bioassay consis- 
tently detected TNF concentrations above 10 pg/ml. 

Interleukin-8 ELISA. Immunorcactivc IL-8 was quantitatcd using a 
modification of a double ligand method as previously described (12). 
Briefly, flat-bottomed 96-well microliter plates (Nunc Immuno-Platc I 96- 
F) were coated with 50 pl/wcll of rabbit anti-11^8 antibody (1 ngfpl in 
0.6 M NaCI, 0.26 M H^BOj, and 0.08 N NaOH. pH 9.6) for 16 h at 4° C 
and then washed with phosphate buffered saline (PBS), pH 7.5, 0.05% 
Hvccn-20 (wash buffer). Microliter plate nonspecific binding sites were 
blocked with 2% BSA in PBS and incubated for 90 min at 37° C Plates 
were rinsed four times with wash buffer and diluted (neat, 1:5, and 1 : 10) 
plasma (50 pi) in duplicate were added, followed by incubation for 1 h at 
37° C. Plates were washed four times, followed by the additipn of 50 pi/ 
well biotinylatcd rabbit anti-lL-8 antibody (3.5 ng/pl in PBS, pH 7.5, 
0.05% Twccn-20. and 2% FCS). and plates incubated for 30 min at 37° C. 
Plates were washed four times, strcptavidin-pcroxidasc conjugate (Bio- 
Rad laboratories, Richmond. CA) added, and the plates incubated for 
30 min at 37° C. Plates were again washed four times and chromogen 
substrate (Bio-Rad-Laboratories, Richmond, CA) added. The plates 
were then incubated at room temperature to the dbsired extinction, and 
the reaction terminated with 50 ul/well of 3 M H 2 S0 4 solution. Plates 
were read at 490 nm in an ELISA reader. Standards were 1/2 log dilutions 
of recombinant 72 amino acid IL-8. from 1 pg/ml to 100 ng/ml. This 
ELISA method consistently detected IL-8 concentrations above 10 pg/ml. 
The antibodies of this ELISA detect both the 72 and 77 amino acid forms 
of JL-8 as. determined by Western blot analysis. 

lnterleukin-6 bioassay. \Lr6 levels were measured in a bioactivity assay 
using tlic II>6.;dcr^hdcnt murine hybridorria cell line B 13.29, clone B9 
(provided by if;. Gjauldie. McMaster University, Hamilton, OnL) (13), 
Briefly, serial ifilulions 6i test samples Were incubated with 100 pi of TU6 
dependent piasmacjiohia cells- at. ia concentration of 5 x 10 4 cells/inl for 
72 h in a himiidified incubjitoir ai 37° C and 5% C0 2 . Proliferation was 
^asurcd.in a ^ cpjorim^ini: ass^y: using 3i-(4.5-dimcthylthiiazol-2-yijt2,3 
^henyltctr^ broimde (MTT, Sigma ifehemical Co, St. Louis, MO). 
During the : fmai 6 li of the p|as;ntacyt()ma assay, 20 pi of MtT ($ mg/ml in 
PBS) ^as added^tb ^cti/^^pte^Thc culture medium was then aspirated 
and 100 iul; o^iiisopidpatiol acidified with 0.04 M HCI (3.4 plftM isp- 
prbpajibl) : to ; diss6tye::fe crystals was added. Absorbarice at 

550 nM was thep;measuTed. Serial dilutions of human rIL-6 (R&D 
Systems, Inc., Miitnearjplis, MN) were used to generate a standard curve 
for each assay. rL^o Coriccri'lrati^ in the experimental, samples were 
calculated using the developed standard curves. 

Monocyte chemotactic protein- J ELISA. Antigenic MCP-1 was quanti- 
tatcd using a modification of a double ligand method as previously 
described (14). Briefly, flat-bottomed 96-well microliter plates (Nunc 
Immuno-Platc I 96-F) were coated with 50 ul/well of rabbit anti-MCP-1 
antibody (1 ng/ul in 0.6 M NaCl. 0.26 M H3BO4, and 0.08 N NaOH, 
pH 9.6) for 16 h at 4° C and then washed with PBS, pH 7.5, 0.05% 
Tween-20 (wash buffer). Microliter plate nonspecific binding sites were 
blocked with 2% BSA in PBS and incubated for 90 min at 37° C. Plates 
were rinsed four times with wash buffer and diluted (neat, 1:5, and 1 : 10) 
plasma (50 pi) in duplicate were added, followed by incubation for 1 h at 
37° C. Plates were washed four times with 50 ul/well biotinylatcd rabbit 
anti-MCP-1 (3.5 ng/pl in PBS, pH 7.5, 0.05% Tween-20, and 2% FCS) 
added, and plates incubated for 30 min at 37° C. Plates were washed four 
times, strcptavidin-peroxidase conjugate (Bio-Rad Laboratories, Rich- 
mond, CA) was added, and the plates incubated for 30 min at 37° C. 
Plates were washed four times and chromogen substrate (Bio-Rad 



1 r* a \ tua 



temperature to the desired extinction, and the reaction terminated with 
50 pl/well of 3 M H 2 SO A solution. Plates were read at 490 nm in an ELISA 
reader. Standards were 1/2 log dilutions of recombinant MCP-1 from 
1 pg/ml to 1,000 ng/ml. This ELISA method consistently detected MCP-1 
concentrations in a linear fashion greater than 30 pg/ml. 

Sacrifice and collection of tissues for histopathologic exam. Animals 
were given kctaminc at the same dose on a daily basis until sacrifice for 
purposes of blood withdrawal, radioactive fibrinogen scanning, and 
periodic ascending venography. Animal pairs were sacrificed on T + 3d 
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Fig. 1 Experimental protocol 




Fig. 2 Venography for baboon #3; (A) base, (B) T + 5hrs, (C) T + 2d. and (D) T + 9d 
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(T+1d) 

l25 l-fibrinogen scanning; significant differences arc from baseline 



(48 h after reagent administration), T + 6d (5 days after reagent ;; 
administration), and T + 9d (8 days after reagent administration). At: :: . 
sacrifice, the ret rope ri tone urn was carefully dissected and the inferior;, 
vena cava and iliofemoral venous systems removed and placed in 10%.:;; 
neutral buffered formalin. The baboons received 1,000 It) heparin just J 
prior to sacrifice in order to prevent the development of acute clot during;'" 
the vein harvest. Serial segments of the vena cava and iliac veins werevi; 
embedded in paraffin, sectioned, and stained with hematoxylin and co^BLi 
for histopathologic analysis. Portions of the IVC, right iliac vein, and left | 
Uiac vein were ai.Mj oalii^cJ v;;:h :^^.'jnehi5loc h ^"i'^l staining for cclj^i* 
associated MCP. 

MCP-I immwwhistochcmical staining. Paraffin embedded tissues w«££ 
deparaffinized with xylene and rehyd rated with serial dilutions of cthanoT.:^ 
Immunohistochemical staining was carried out using an improved bioUfl^ : 
strcptavidin amplified detection system with streptavidih-conjugaU^- : ;:-| 
alkaline phosphatase (Biogencx Laboratories. San Ramon, CA). Th^*" 
tissue was blocked for non-specific binding using a 1 : 50 dilution of normal 
goat scrum incubated for 1 h. Either prc-immune rabbit serum or immun£;:;g; 
polyclonal anti-human monocyte chcmotactic pcptidc-1 serum at 
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Fig. 5 White blood cell and platelet count analysis 



dilution of 1 :500 were used to subsequently incubate the tissue for one 
hour. Slides were washed in 1 x PBS for 5 min and then a goat anti-rabbit 
IgG biotinylatcd antibody at a concentration of 1 :35 was incubated with 
the tissue for 20 min. The tissue was washed for 10 min in 1 x PBS and 
then incubated with strcptavi din-conjugated alkaline phosphatase at 1 : 35 
concentration for 20 min. The tissue was washed again for 5 min in 1 x 
PBS and the substrate solution Fast Red applied. The reaction was 
extinguished after 20 min and the tissue cpuntcrstained for 4 min with 
0.1% Mayer's hematoxylin. MCP-1 staining was qualitatively analyzed on 
a 0, l + . 2+ and 3+ scajc (0 = no staining, 3+ = maximal stauiirig). 

Statistical analysis included means + SE mean. Correlations were 
performed using the non-parametric Kendall coefficient (tau) analysis. 
Animal care complied with the "Principles of laboratory Animal Care" 
and the "Guide for the Care and Use of Laboratory Animals" (NIH Publ 
No. 85-23. Revised 1985). 
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Fig. 6 Erythrocyte sedimentation rate and fibrinogen analysis 



fable 1 Cytokine levels 





Baseline 


T + Ihr 


T + 3hrs 


T + 6hrs 


T + 2d 


T + 3d 


;>MCP-1 (ng/ml) 
i, : .lt>8 (ng/ml) 
(ng/ml) 


4.3 ± 2.8 
(n-6) 
0.07 ± 0.05 
(n = 6) 
0.01 ± 0.01 

(n = 6) 


30.9 ± 11.5* 
(n = 4) 
0.02 ± 0.01 
(n -4) 
6.1 ± 3.7 
(n = 4) 


46.9 ± 14.6* 
(n =6) 
0.62 ± 0.35 
(n =6) 
21.4 ± 5.3 + 
fn = 6) 


68.4 ± 15.8* 
(n = 6) 
1.07 ± 0.55 
(n-6) 
22.2 ± 4.7 + 
(n = 6) 


34.2 ± 7.9 + 
(n = 6) 
1.16 ± 0.07 
(n-6) 
28.6 ± 20.6 
(n = 6) 


4.9 ± 2.1 
(n = 6) 
0.01 ± 0.01 
(n = 6) 

0.7 ± 0.5 
(n-6) 




T + 4d 


T + 5d 


T + 6d 


T + 7d 


T + 8d 


T + 9d 


■>fCP-l (ng/ml) 
fj**'8 (ng/ml) 
(ng/mi) 


6.5 ± 4.6 
(n»4) 
0.07 ± 0.07 
(n = 4) 

0.4 ± 0.2 
(n=4) 


5.5 ± 3.3 
(n =4) 
0.01 ± 0.00 
(n = 4) 

0.1 ± 0.1 
(n = 4) 


6.7 ± 3.9 
(n=4) 
0.02 ± 0.02 
(n = 4) 
0.00 ± 0.00 
(n = 4) 


12.8 ± 0.8 
(n = 2) 
0.01 ± 0.01 
(n-2) 
0.00 ± 0.00 
(n = 2) 


8.3 ± 1.1 
(n = 2) 
0.05 ± 0.05 
(n = 2) 
0.00 ± 0.00 
(n = 2) 


8.3 ± 2.2 
(n = 2) 
0.04 ± 0.04 
(n = 2) 
0.00 ± 0.00 
(n « 2) 



$$f p *=0.05. + p s=0.01. 
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Fig. 7 (A) Vena cava, T + 3d. The lumen contains fresh thrombus 
adherent to the vessel. The space between the thrombus and the vessel 
wall on the right is shrinkage artifact (hematoxylin and eosin, 30 x). (B) 
Vena cava, T + 3d. The dark nuclei within the wall are largely those of 
neutrophils, somewhat more concentrated in the zone adjacent to the 
lumen between the arrows. Thrombus is located to the right (hematoxylin 
and eosin, 235x). (C) Proximal right iliac vein. T + 3d. The lumen of the 
vessel is patent and the wall is devoid of inflammatory infiltrate. Compare 
with 7B (hematoxylin and eosin, 235 x) 



Results 

All animals developed evidence of inferior vena cava and left 
iliofemoral deep venous thrombosis (DVT) by venography, while 
no DVT was found on the right side (Fig. 2). Thrombus w:^ 
indicated by filling defects and the presence of extensive collateral 
formation, noted radiograph ically by T + 5hrs. TAT complex;, 
elevation was noted as early as I h after reagent administration, 
peaked at T + 3hrs (base 23 ±8 ng/ml; T + lhr 70 + 2 ng/ml, 
p <0.005; T + 3hrs 81 ± 11 ng/ml, p = 0.01), and decreased to 
baseline by T + 2d. '^-fibrinogen scanning revealed early 
thrombus formation. A difference between the affected left side 
and the nonaffected right side at the distal iliac vein location wav 
found as early as T + lhr (10.9%) and reached the 2i)% 
diagnostic level by T + 3hrs (20.9%, p <0.01). At the proximo 
iliac vein location, a difference became apparent by T + 3hrv 
(5.6%) and reached the diagnostic level by T + 4d (22.6%, 
Fig. 3). As verification of the scanning technique, internal counts 
with , the probe directly placed over the proximal and distal iliac 
vein locations and the inferior vena cava were compared to 
external counts taken just prior to sacrifice in the last pair of 
baboons at the time of sacrifice. Comparison between internal 
and external counts revealed excellent correlation with an r *= 
0.88, p <0.05 for 12 observations. Animals displayed a mean 
maximal increase in thigh and calf girths of 1.4 ±0.3 cm and 
1.4 ±0.3 cm on the affected left side versus 0.5 ±0.2 cm and 
0.7±0.1cnr on the unaffected right side (p <0.05 for thigh 
measurements, left side compared to right side). 

TNF levels: peaked as early as T + lhr and then rapidh 
declined (base 8.6 ±8.3 ng/ml; f + lhr i0.5;±3.3 x 10 3 ng/ml; 
p = 0.05, Fig. 4). These TNF levels are approximately 5-fold 
higher than would be expected based on the amount of TNF 
administered, suggesting TNF-induced TNF production. Lcvdv 
of MCP-1 peaked at T + 6hrs; IL^8 and 11^6 peaked on T + 2d: 
all cytokines declined to basal levels by T + 3d (Fig. 4, Table 1). 
Cytokine levels were correlated to each other and to 
'^fibrinogen scanning over the first 3 days of the study 
Increased leVels of TNF correlated significantly with elevated 
levels of iU5i (taii 0.27 „/> <0.05) and MCP-1 (tau 0.23, p <0.05) . 
while elevations in TNF correlated in a negative fashion to 
^ 5 I-fibrinogen: scanning (proximal and distal iliac tau -0.24 and 
-0.58, p <0,ti5) suggesting that the elevations in TNF preceeded 
thrombosis TAT complex elevations likewise correlated in a 
significant fashion to elevations in 11^8 (tau 0.27, p <0.05), IL6 
(tau 0.34, p <0.01) and MCP-1 (tau 0.42, p <0.01), although 
TAT levels were not found to correlate with fibrinogen scanning- 
Elevations in IL-8 correlated with increases in MCP-1 (tau 0.28. 
p <0.05) and 11^6 (tau 0.30, p <0.05). Finally and most 
importantly, only elevations in IL-6 were found to correlate in a 
positive fashion with 125 I-fibrinogen scanning (distal iliac, tau 
0.24, p <0.05). 

Differential white cell whole blood counts (WBC) revealed 
significant mature polymorphonuclear leukocyte (PMN) eleva- 
tion by T + 2d; immature forms were prominent at T + 3hrs, 
T + 6hrs, and T + 2d (9%, 10%, and 10%, respectively; baste 
1%). Monocyte increases were noted by T + 4d with increased 
lymphocytes and platelets by T + 8d. In fact, significant \oU\ 
while bleed ce!! ince?^* were noted at T + 7d (base 8,248 i' 
1,864 cells/mm 3 ; T + 7d 16, 188 ± 6,088 cells/mm 3 , p <0.05) and 
T + 9d (20,513 ±6,858 cells/mm 3 , p <0.05, Fig. 5). Increases ift 
IL-8 correlated with elevations in immature PMNs (p <0.05) and 
monocytes (p <0.01) and declines in lymphocytes (/> <0.05)* 
while elevations in MCP-1 were correlated only with increasing 
monocytes {p <0.0l). 11^6 elevations correlated with increases W. 
monocytes (p <0.01) and declines in WBCs (/><0.01), PMNs 
(p <0.0I), and lymphocytes (p <0.01) during the first 3 experk 
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.8 (A) Left iliac vein. T + 6d. Within the lumen is the thrombus, 
^fth minimal evidence of organization at the right. Note beginning 
||l|:pfcgrowth of spindle-shaped cells between the arrows (hematoxylin and 
! : ;j : : <x>sin. 235x). (B) Left iliac vein, T + 6d. A mixed inflammatory infiltrate 
evident within the wall. Compare with 7B (hematoxylin and eosin, 
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-mental days. Platelet changes consisted of significant declines as 
pearly as T + 3hrs (base 339,833 ± 39,478/mm 3 ; T + 3hrs 169,667 
36 T 399/mm\ p <0.01) reaching a low of 113,000 ± 8,175/mm 3 
T + 4d (p <0.05). A rebound elevation to 779,000 + 73,000/ 
i|JVmi 3 was noted by T + 8d (Fig. 5). There was an initial significant 
^/decrease in fibrinogen at T + 3hrs and T + 6hrs; erythrocyte 
!-:S£di mentation rates and fibrinogen levels both increased by 
£ vf + 3d and remained elevated for the remainder of the experi- 
mental period, consistent with an acute phase response (Fig. 6; 
f;-l>ase fibrinogen 169 ± 15 mg/dl; peak 597+ 121 mg/dl, p <0.05). 
i'yAl] animals displayed evidence of pnsilive fibrin snlit nrndiicts al 
l^ihitions of 1:20 to 1:160, usually beginning at T + 3hrs and 
Intending throughout the study until T + 8d and T +9d. 
p; In the animals sacrificed at T + 3d, fresh thrombus was found 
ill adherent to the walls of the inferior vena cava and left iliac vein 
;|*#ig.7A). A neutrophilic infiltrate of somewhat irregular dis- 
gtJibution was evident in the walls of these veins (Fig.7B). The 
Infiltrate was prominent in one animal and sparse in the second. 
|At T + 6d, there was evidence of beginning organization of the 



Fig. 9 (A) Left iliac vein, T + 9d. Organization of the thrombus is 
advancing, as seen in the zone between the arrows (hematoxylin and 
eosin, 30x). (B) Left iliac vein, T + 9d. The light zone between the 
arrows represents organization of thrombus closest to the vein wall. Note 
the scattered inflammatory infiltrate within the wall itself (hematoxylin 
and eosin, 120x) 



thrombus in both animals (Fig. 8 A). The inflammatory infiltrate 
at this stage, again of somewhat irregular distribution, included in 
addition to neutrophils mononuclear cells with oval vesicular 
nuclei, plump spindle cells, and occasional mitotic figures 
(Fig.SB). At T + 9d, the appearance was similar but with more 
advanced organization of the thrombus (Figs. 9 A, 9H). The right 
iliac veins, in contrast to the above, were generally unremarkable 
histologically at all intervals (Fig. 7C). 

MCP-1 antigen immunolocalized to areas of thrombus and 
phlebitis histologically. All sections with overlying clot revealed 

either 24-^4* nr MCP-I Kt^inirm whllft thns* <u?rtinn« with 

no clot revealed 0/3+ or 1+/3+ MCP-l antigen (Fig. 10). Sections 
of left iliac vein examined in which clol was present on the section 
revealed either 2+/3+ or 3+Z3+ MCP-1 staining while areas of 
IVC with clot all revealed 2+/3+ MCP-I immunolocalization. 
Right iliac vein sections examined all showed either no MCP-1 
(0/3+) or at most 1+/3+ MCP-1 staining (Table 2). However, 
one right iliac vein (T + 9d) with no evidence of overlying clot 
revealed 2+Z3+ staining. This same vessel evaluated histologi- 
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AVg, /0 Monocyte chemotactk- 
1 staining in (A) positive inferifj* ^ 
cava at T + 3d, (B) positive \m & 
vein at T + 3d. (C) unstained U-n $ 
vein control at T + 3d, and 
iliac vein without thrombus at T *^ 
all sections under oil immcnitur^ 
the granular appearance of ihs;^ 
associated staining (arrows) 



Table 2 Monocyte chemotactic protein-1 immunohistochemistry 
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F91-2 (T + 6d) 
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+ + + 


F91-3 (T + 9d) 


+ + 


+ 


+ + + 


+ + + 


F9I-4 (T + 9d) 






+ 


+ 


F91-5 (T + 3d) 


- + 


+ 


+ + + 


+ + + 


F91-6 (T + 3d) 




+ 


+ + + 


+ + + 



cally in a blinded fashion was the only right iliac vein to show 
evidence of inflammation. 



Discussion 

Evidence exists to suggest a link between the inflammatory and 
coagulant responses associated with thrombosis (15-24). This 
investigation was specifically designed to assess the role of 
inflammation in deep venous thrombosis in a well characterized 
primate model induced by the thrpmbogenic combination of 
reagents (TNF, HPC 4 ), stasis, and subtle venous injury. 

The cytokines that were measured in this study arc all 
mediators which have been found to be produced in endothelial 
cells in addition to inflammatory cells. IU8 is produced from 
endothelial cells by both exogenous and endogenous stimuli while 
epithelial cells and fibroblasts can produce 1L-8 only in response 
to host-derived cytokine stimuli (25). thrombin generated on the 

~--~r . r 1 - _^u„ u«*. rtl*./* Kzmn f/\nr»H tr» Ka ranahlp. nf 

suiiatc yji wi ivjv/h iv>i iui w^. » o»tf . r .w.. - — • — — — - - i 

activating neutrophil degranulation through IMS conversion (26), 
while TNF, IL-1 beta and LPS induce gene expression for 11^8 in 
human vascular smooth muscle cells in culture (27). The produc- 
tion of ILr8 may have a significant role in mediating neutrophil 
recruitment and activation in the procoagulant environment of 
endothelial cells exposed to thrombogenic stimuli. In a similar 
fashion, endothelial cells, vascular wall smooth muscle cells, 
epithelial cells and fibroblasts arc all capable of making MCP-1 



(27-29). In vitro, MCP-1 is expressed from endothelial r^||§| 
response to increasing doses of TNF, LPS and IL-1 beta. ln j?i|p|| 
endothelial cells are unique with respect to expression of 
as these cells respond to exogenous LPS as well as end*>^i&>|||! 
TNF and IL-1 beta while epithelial cells and fibroblasts 
MCP-1 only in response to host-derived cytokines (25). 
present study, both exogenous TNF and host-derived ^NF;;^|| 
indicated by the five-fold higher levels of measured than adotir|^^ 
tered TNF) were presented to the venous endothelial cell S:*r&ll| 
The production of MCP- 1 may play a major role in the rctttf^|| 
ment of monocytes and macrophages into the wall of the affcfc^|| 
vein. 

The production of 11^8 and MCP-1 from endothelial cell: ^ 
vascular wall smooth muscle cells, both of which arc expend. jp 
the initial formation of thrombus, exposed to subsequent infta?f|g 
matory stimuli, and active participants in all aspects oi 
coagulation response, suggests a strong association bem<tf|;|i 
thrombosis and inflammation. Neutrophils have been found to 
the first cell line to adhere to the venous endothelium in a 
of stasis-induced deep venous thrombosis in the cat and &^|| 
neutrophils then stimulated thrombus formation (30). Leukot^f^^ 
were found not only to adhere to the endothelium but to mi^s>|jl s . 
under the endothelial cell layer, produce endothelial cell ^Wt^ 
ing, and expose the basement membrane, producing a t!m)^|| 
bogenic surface. Heparin was found to inhibit thrombus f° rE l^|| 
tion but not neutrophil adhesion in this model (31). Inflammat^;^ 
cells in this model appear responsible not only for amplifying *|||| 
thrombotic process but for initiating this response. Such:i||i 
mechanism may play a similar role in our model system of vcti*||f 

thrombosis. '.Si 

In vitro, IL-6 has likewise been produced from endothelial 
and vascular smooth muscle cells in response to a num^' «| 
stimulating factors such as LPS, TNF, and IH beta (32, 33). 
stimulates the production of a full spectrum of acute w****' 
proteins from hepatocytes such as C-reactive protein, 
amyloid, fibrinogen, alpha-l-antitrypsin, alpha- l-antichymofi||| 
sin, and haptoglobin (34). We found that the elevation m£ T: »™ 
which was the last cytokine to rise, preceded the developme 
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the acute phase response as indicated by the elevation in 
|:p erythrocyte sedimentation rate and fibrinogen. This elevation in 
Jji: '£ IL-6 is clearly different than the release in 11^6 in patients given 
TIMF, suggesting an effect of the thrombus itself and not solely the 
J: ^ reagents (35). Jn addition, of all the cytokines measured, only IL- 
6 correlated with ,25 l-fibrinogcn scanning, a significant finding 
suggesting that IL^6 levels (as indicating a generalized inflamma- 
tory response) may be a good marker for the thrombotic process. 
125 1 -fibrinogen scanning revealed that thrombosis begins early 
*§ after reagent administration (as early as 1 h) and reaches a 
I -diagnostic level by 3 h after reagent administration at the level of 
Ifthc distal iliac vein. As neutrophils have been shown to be 
■ activated as early as 30 min after TNF administration (35), the 
|;;; role of neutrophils in thrombus formation which can be detected 
;^p: as early as 1 h after reagent administration is suggested. Throm- 
||;:;- hin-antithrombin complex elevation alone does not necessarily 
'1f : ;i signify venous thrombosis as TAT elevation is also noted in 
K - disseminated intravascular coagulation (DIC, 36). The initial 
decrease in fibrinogen and early appearance of positive fibrin split 
products suggest that in fact, a low-grade DIC is produced. 
! Higher TAT levels have been noted clinically in patients with DIC 
(15.8 ng/ml) than in those with DVT (9.4 ng/ml). Peak levels in 
:*: our study were much higher than these clinical values (peak 
;v::£l.2 ng/ml) as were the base levels in the baboons (23.8 ng/ml). 
x^The reason for these high base TAT values is not known and may 
:;: be species specific. However, relative to base values, peak TAT 
:: : : levels in our animals were approximately 3.9 x base levels while 
"'. in patients with DVT, peak levels were approximately 4.5x base 
; - levels compared to 7.5 x base levels for DIC. 

In this investigation, we have not addressed the possible role 
i i for even more proximal cytokine stimulation such as IL-1 beta or 
:i : investigated the role of neutrophil adhesion molecules such as the 
LEC-CAM family or the integrins CDlla/CD18, CDIlb/CD18, 
i; .and CDllc/CD18. IL-1 beta is expressed early during inflamma- 
jj.jiion and has been found to be active on the cell surface of 
Oi: cytokine activated vascular smooth muscle cells in vitro (37), 
p;; ■ : while the adhesion complex CD11/CD18 plays a major role in 
neutrophil adherence, neutrophil aggregation and eventual neu- 
trophil-mediated injury (38). This activity may lead to autocrine 
and paracrine signaling in the vessel wall itself which potentiates 
|||f;:: the inflammatory response. 

s These observations suggest that inflammation and venous 
|p;- thrombosis can be linked. By this we mean that inflammation may 
|||;:; influence whether a physiologic clot develops into a pathologic 
"|; (hrombus. Virchow's triad asserts that a change in the vessel wall 
| : - coupled with changes in flow and changes in the coagulability of 
:f:;: blood combine to produce thrombosis. In theory inflammation 
|; ; can mediate or extend two of the three limbs of this triad by 
|p: promoting changes in the venous wall and the blood which favor 
|i;.: growth of a physiologic clot into a pathologic thrombus. In 
constructing this baboon model We attempted to approximate 
p i - those conditions by inducing an inflammatory response involving 
|;; the vein wall with TNF, while increasing the coagulability of 
gblood by inhibiting the protein C system with HPC 4 . This, 
p ; however, is insufficient without a change in flow and a nidus 
| • (subtle vein wall injury) for initial clot formation provided by the 
|| insertion of the catheter and ligature of the superficial femoral 
|;£vein. 

J;;:; This paper is descriptive in that it presents a sequence of 
||; : Inflammatory and coagulant events associated with the dcvclop- 
pmcnt of the thrombus. The early rise of TNF at 60 min results 
plrom both the infusion and possibly the elaboration of endoge- 
nous TNF. This is followed closely by a rise in TAT which peaks 
pat 180 min. Coincidental with this ,xs I-fibrinogen scanning reveals 
||!;:iieposition of fibrin in the distal vasculature at 60 min. It is 
^possible that insertion of the catheter and infusion of the HPC 4 



alone (without TNF) could induce the initial rise in TAT and early 
thrombosis. The fact, however, that other inflammatory 
mediators including MCP-1, IL-8 and IL-6 appear later and peak 
at approximately 360 min and 2 days, respectively, suggest a 
systemic inflammatory response that would not have come from 
insertion of the catheter and infusion of HPC 4 alone. Whether this 
inflammatory response contributes to the further development of 
the initial thrombus, though very likely, is not established by this 
association. The later appearance at 3 to 9 days of acute phase 
proteins, elevation in platelet counts, and increased sedimenta- 
tion rate, suggests a role of IL-6 in the later stages of thrombus 
development. Further, the appearance of inflammatory leuko- 
cytes in the vein wall moving into the thrombus strongly suggests 
that over the 3 to 9-day period, the inflammatory and thrombotic 
processes along with the rise in acute phase proteins have become 
cntertwined. 

These results raise certain obvious questions, the first of which 
is at what point might the inflammatory component of this model 
play a role? Studies on the specific role of the thrombus as 
opposed to the administered TNF by infusing only HPC 4 or using 
a concomitant antibody to TNF would be helpful. Such studies 
would define the importance of the thrombus to the generation of 
both the local and systemic inflammatory response. In a similar 
fashion, such studies would clarify the role of TNF in not only 
initiating a portion of the inflammatory response but also in the 
generation of the thrombotic process as TNF in and of itself has 
been shown to release cytokines and promote thrombin formation 
(26-29, 39). Second, assuming it does play a role, at what point 
does the inflammatory process within the thrombus develop into 
either an uncontrolled response and phlegmasia or into a con- 
trolled resolution (would healing) recanalization response? 
Finally, can the inflammatory process be modified so as to limit 
both the thrombotic process and the destruction of the venous 
endothelial surface and the venous valves, a mechanism associ- 
ated with the development of the chronic venous insufficiency 
syndrome. These questions require that further studies be per- 
formed in this model. Although this model requires the downre- 
gulation of natural anticoagulant mechanisms, it may be very 
similar to thrombosis in patients with antithrombin III deficiency 
or defective fibrinolysis or patients with normal anticoagulant 
mechanisms who sustain a strong ongoing inflammatory stimulus. 
The results of such analyses may have far-reaching implications 
for the manner in which deep venous thrombosis and/or prophy- 
laxis is undertaken. 
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Aims and Background: Preliminary experimental data suggest 
the involvement of tumor necrosis factor (TNF) in determining 
endothelial damage related to disseminated intravascular 
coagulation (DIG). The present study was performed to Inve- 
stigate TNF secretion in DIG occurring In metastatic solid tu- 
mor patients and to evaluate the possible therapeutic role of 
pentoxifylline, which has been proven to have a TNF-lowering 
activity. Methods: The study included 20 metastatic solid tumor 
patients who showed clinical and laboratory signs of DIG. 
Pentoxifylline was given orally at a dose of 1200 mg/day for 
28 days. Results: Abnormally high levels of TNF were found in 
13/20 patients, and mean TNF serum levels observed in pa- 
tients were significantly higher than those seen in a control 
group of 50 healthy subjects. Fibrinogen plasma concentra- 



tions were low in 11 cases. Patients with low fibrinogen va- 
lues showed significantly higher mean TNF levels than those 
with normal or elevated concentrations. Pentoxifylline therapy 
induced a significant decrease in mean TNF concentrations 
and a significant increase in mean platelet number, which re- 
turned to within the normal range in 11/20 patients. An increa- 
se In platelets In response to pentoxifylline was more evident 
in patients with elevated pretreatment TNF values. Conclusions: 
Our results suggest the existence of abnormally high blood 
levels of TNF in cancer-related DIC, mainly in the presence of 
low fibrinogen values. Moreover, they Indicate that pentoxifyl- 
line therapy may determine a decrease in TNF levels in DIC 
patients, an event associated with an increase in platelet 
number. 



Key words: disseminated intravascular coagulation, pentoxifylline, tumor necrosis factor-alpha. 



One of the most severe complications of advanced tu- 
mors is disseminated intravascular coagulation (DIC) 3 - 5 . 
The mechanisms responsible for DIC in advanced solid 
tumor patients include two major events, consisting of 
endothelial cell damage and tissue injury * 1,5 . Tissue 
injury occurs in solid tumors, whose cells produce pro- 
coagulant substances, generally tissue factors. In con- 
trast, the causes responsible for endothelial damage 
with a subsequent increased endothelial procoagulant 
activity need to be better defined. Recent studies have 
shown that some cytokines, mainly tumor necrosis fac- 
tor-alpha (TNF) 2A6 , may enhance the procoagulant ac- 
tivity of endothelial cells, thereby suggesting an invol- 
vement of TNF in the pathogenesis of DIC-related en- 
dothelial damage in cancer. Moreover, TNF levels have 
appeared to be often elevated in advanced solid tumors J , 
particularly in patients with cancer-related DIC 8 . At 
present, the only drug capable of inhibiting TNF secre- 
tion is pentoxifylline (PTX) 7 , since corticosteroids have 
no effect 4 . Such a finding suggests a possible use of 
PTX to modulate TNF secretion in cancer patients. 

The present study was performed to investigate TNF 
production in solid tumor-related DIC and the therapeu- 
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Material and Methods 

The study included 20 consecutive metastatic solid tu- 
mor patients (M:F, 7:13; median age, 53 years; range, 34- 
81) with clinical and laboratory signs of DIC. All patients 
had been previously treated with chemotherapy. The dia- 
gnosis of DIC was made according to the evidence of a 
rapid and ingravescent fall in platelet count associated 
with high serum levels of fibrinogen degradation products 
(FDP) and high plasma levels of X-degradation products 
(XDP). All patients showed a platelet count below 
100,OQOtom 3 before the onset of therapy. Routine labora- 
tory tests were done at days 10, 7 and 3 prior to therapy, 
and at days 1, 3, 7, 14, 21 and 28 of PTX therapy. PTX 
was given orally at 400 mg thrice a day for at least 1 
month. Eleven patients were treated concomitantly by 
chemotherapy. Moreover, all patients received supportive 
care consisting of fresh frozen plasma (3 units/week). 

FDP and XDP were measured by the matex-particle 
agglutination assay. TNF serum levels were measured at 
days 1 , 7 and 29 of PTX therapy by using an immuno- 
radiometric assay and commercial kits (Medgenix Dia- 
gnostics, Brussels, Belgium). Intraassay and interassay 
coefficients of v?£i*tlo n wi»rfc helnw 4% and 5%. re- 



To whom correspondence should be addressed: Paolo Lissoni, Divisione di Radioterapia, Ospedale San Gerardo, 20052 Monza (Mi), Italy. 
Tel. +39-39-2333681 ; fax +39-39-2333414. 

Received July 27, 1994; accepted September 25, 1995. 
78 



Material may be protected by copyright law (Title 17, U.S. Code) 



TNF LEVELS IN CANCER -RELATED DIC 



79 



spectively. Results were reported as mean ± SE. The 
control group consisted of 50 age-matched healthy 
subjects. Data were statistically analyzed by Student's / 
test, analysis of variance, coefficient of correlation, and 
the chi-squared test, as appropriate. 

Results 

Abnormally high pretreatment TNF levels were seen 
in 13 of 20 (65%) patients. Plasma fibrinogen values 
were low in 1 1, normal in 7, and paradoxically high in 2 
patients. A negative correlation was seen between TNF 
and fibrinogen values (r = «0.7). As shown in Table 1, 
mean TNF concentrations were significantly higher in 
patients than in controls. Moreover, patients with an 
unknown primary tumor had significantly lower mean 
TNF levels than those affected by other histotypes. Fi- 
nally, patients with low fibrinogen values had signifi- 
cantly higher mean TNF levels than those with normal 
or elevated fibrinogen concentrations. In contrast, no 
difference in mean liver enzyme scrum levels was ob- 
served between patients with low or normal-high fibri- 
nogen values (GOT, 58±7 vs 63±9 U/ml; GPT, 74±8 vs 
69±1 1 U/ml; GGT, 267±38 vs 233±45 U/ml). 

PTX induced a normalization of platelet count, with 
values above 100,000/mm 3 , in 11 of 20 (55%) patients, 
and mean platelet number (n x lOVmm 3 , mean ± SE) 
observed on PTX therapy was significantly higher than 
pretreatment values (before, 41 ±8; day 14, 84±12, 
P<0.05; day 21, 89+11, P<0.05; day 28, 109+13, 
P<0.01). Moreover, platelet normalization occurred si- 
gnificantly more often in patients with high pretreat- 
ment TNF levels than in those with normal TNF values 
(10/13 vs 1/7, P<0.01), whereas there was no difference 
between patients given or not given a concomitant che- 
motherapy (7/11 vs 4/9). 

Table 1 - Clinical characteristics of 20 metastatic solid tumor 
patients with DIC and their individual TNF values in relation to 
fibrinogen levels and platelet number 



Pat. Sex Age Tumor histotype TNF Fibrinogen Platelets 
no. (yr) pg/ml mg/100 ml nxlOVmm 3 



59 
46 
40 
67 
41 
28 
16 
5 
31 
39 
64 
16 
26 

42 
58 
36 
24 
48 
9 



Table 2 - Serum levels of TNF (mean ± SE) in DIC-related can- 
cer in relation to the characteristics of the patients 



Characteristic 


No. 


TNF fnp/mU 


Healthy controls 


50 


5±2 


Patients (before PTX therapy) 


20 


56 ±14' 


Patients with normal TNF 


7 


7±l 


Patients with high TNF 


13 


82±I9 2 


Patients with low fibrinogen 


II 


89±22 J 


Patients with normal-high fibrinogen 


9 


I5±4 


Unknown primary tumor 


7 


10±4 


Other tumor histotypes 


13 


79+19 4 


After PTX therapy 


20 


18*4* 



PTX, pentoxifylline. 
1 P < 0.005 vs controls. 
2 /»<0.00I vs controls. 

3 P < 0.025 vs patients with normal-high fibrinogen levels. 

4 P < 0.01 vs patients with an unknown primary tumor. 

5 P < 0.025 vs before PTX therapy. 



Mean FDP and XDP values also significantly decrea- 
sed on PTX therapy (FDP, 91±16 vs 178+22 |ig/ml; 
XDP, 413±79 vs 1135±128 ng/ml, P<0.01). Finally, as 
shown in Table 2, mean TNF concentrations significan- 
tly decreased on PTX therapy, and the decline in TNF 
was negatively correlated with the increase in platelet 
number (r = -0.7). 

PTX therapy was well tolerated in all patients. In par- 
ticular, no PTX-related cardiac arrhythmia occurred. In 
contrast, PTX induced an evident decrease in the fre- 
quency of hemorrhagic symptoms in 9 of 1 1 patients 
with PTX-induced platelet normalization, whereas no 
clinical variation was seen in nonresponder patients. 

Discussion 

In accord with previous data 8 , the present study 
showed that solid tumor-related DIC may be associated 
with abnormally elevated blood TNF levels, thereby sug- 
gesting a possible involvement of TNF in the onset of 
DIC. In addition, our results showed that there are two 
different groups of DIC patients, characterized by high or 
normal TNF values, respectively with low or normal-hi- 
gh fibrinogen levels. It has been shown that there are at 
least two subgroups of cancer-related DIC, with low or 
normal-high fibrinogen values J - 5 . The results of the pre- 
sent study suggest that the two DIC subgroups with diffe- 
rent fibrinogen behavior reflect a different endogenous 
TNF secretion. In contrast, liver biochemistry did not 
seem to influence fibrinogen levels. The determination of 
blood TNF levels could thus contribute to the characteri- 
zation of different pathogenetic mechanisms of DIC in 
human solid tumors, even though fibrinogen decline may 
simply depend on the evidence of liver damage. In any 
case, it could be that DIC is due at least in part to a TNF- 

1 1 J J! . H J n »U A i: fl l /Inmnrra in itio ^ . UI^.U 

IIIUUVVU UllV/bl VIlUVlllWllMt uu*i*m^w ••■ f ■wt^ij^rVr yj i 1 1 1£» 1 

TNF levels, whereas DIC with normal TNF values could 
reflect different pathogenetic mechanisms such as cancer 
cell production of procoagulant substances. 

The possible involvement of TNF in the pathogenesis 
of cancer-related DIC is also suggested by the fact that a 



1 


M 


52 


2 


F 


48 


3 


F 


39 


4 


M 


64 


5 


F 


71 


6 


M 


51 


7 


F 


48 


8 


F 


46 


9 


F 


67 


10 


F 


64 


II 


F 


59 


12 


F 


81 


13 


M 


53 


i4 


m 


JU 


15 


F 


49 


16 


M 


58 


17 


M 


61 


18 


F 


72 


19 


F 


34 


20 


F 


51 



Unknown primary 
Unknown primary 
Breast cancer 
Colon cancer 
Breast cancer 
Unknown primary 
Breast cancer 
Unknown primary 
Breast cancer 
Breast cancer 
Breast cancer 
Soft tissue sarcoma 
Unknown primary 

VJiUUIC LIOJICCI 

Breast cancer 
Unknown primary 
Gastric cancer 
Unknown primary 
Soft tissue sarcoma 
Breast cancer 



5 


586 


10 


280 


162 


91 


64 


112 


232 


78 


7 


315 


38 


210 


10 


97 


49 


178 


187 


89 


92 


94 


69 


131 


4 


620 






9 


215 


31 


236 


41 


194 


5 


279 


24 


207 


36 


175 
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PTX-induced decrease in TNF was associated with an in- 
crease in platelet count and clinical improvement in he- 
morrhagic symptoms. However, further studies to evalua- 
te other important coagulatory parameters, including an- 
tithrombin III, are needed to better define any relation 
between TNF and biochemical alterations responsible for 
the onset of DIC Moreover, owing to the different tumor 
histotypes, a larger number of patients is needed to con- 
firm the negative correlation between TNF and fibrino- 
gen production. In the same way, because of the possible 
influence of chemotherapy or supportive care, randomi- 
zed studies are needed to confirm whether the increase in 
platelet count on PTX therapy is only due to PTX. 

Caratterlzzazione delta coagulazlone intravascolare dissemi- 
nata dovuta a neoplasia in relazione ai livelll ematicl di TNF: 
possibile ruolo terapeutlco della pentossifilllna. 

Risultatl speri men tali preliminari sembrano suggerire un 
possibile cotnvolgimento del TNF nell'indurre 11 danno endo- 



teliale assoclato alia DIC. Quest studi e stato c ndotto al fi- 
ne di valutare la secrezion dl TNF nella DIC In cors di neo- 
plasia soltda metastatlca e di stabilire il possibile ruolo tera- 
peutlco della pentossifilllna (PTX), rivelatasl In grado di ridur- 
re i livelli di TNF. Lo studio e stato cond tt su 20 pazienti con 
tumore solido metastatico, che presentavano segni clinic! e 
laboratoristicl di DIC. La PTX e stata sommlnlstrata oralmente 
alia dose di 1200 mg/die per 28 oiorni. Livelli anormalmente 
elevati di TNF erano present! in 13/20 pazienti ed I livelli sierici 
medi di TNF riscontrati net pazienti erano signlflcatlvamente 
maggiorl rispetto a quell! osservati in un gruppo di control lo 
dl 50 soggetti sani. Le concentrazioni plasmatiche di fibrino- 

Seno erano basse in 11 casi. ! pazienti con bassi valori di ff- 
rinogeno presentavano concentrazioni medle di TNF signifi- 
cativamente magqlori rispetto a quelli con valori normali o al- 
tl. La terapla con PTX determinava un calo slgnificativo nei li- 
velli medi di TNF ed un aumento slgnificativo nei numero me- 
dio di piastrine, che si normalizzava in 11/20 pazienti. L'au- 
mento delle piastrine In risposta alia PTX era plu evidente nei 
pazienti con valori elevati di TNF prima del trattamento. Que- 
sto studio suggerirebbe I'eslstenza di alti livelli ematic! di TNF 
nella DIC in corso di neoplasia, In particolare in presenza di 
bassi valori di fibrinogens Inortre questo studio suggensce 
che la terapla con PTX pud indurre un calo nei livelli di TNF 
nei pazienti affetti da DIC, evento questo che si associa ad un 
aumento nei numero delle piastrine. 
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Signaling by E-selectin and ICAM-1 Induces Endothelial 

Tissue Factor Production via Autocrine Secretion of 
Platelet- Activating Factor and Tumor Necrosis Factor a 

ESTHER SCHMID, 1 THOMAS H. MtlLLER, 1 RALPH-M. BUDZINSKI, 2 KLAUS BINDER, 1 

and KLAUS PFIZENMAIER 3 



ABSTRACT 

Based on previous studies showing adhesion molecule-dependent induction of tissue factor upon endothelium- 
lymphocyte interactions, we investigated whether E-selectin and ICAM-1 are linked to signaling pathways 
leading to tissue factor gene expression. Cellular interaction was mimicked by antibody cross-linking of E-se- 
lectin and ICAM-1 on the surface of human umbilical vein endothelial cells (HUVECs), resulting in induc- 
tion of tissue factor mRNA and protein expression. Tissue factor production could be independently abolished 
by antibodies against TNF-a and by WEB 2086, a platelet-activating factor (PAF) receptor antagonist Because 
WEB 2086 prevented the production and/or secretion of TNF-a by HUVECs, these results provide evidence 
for E-selectin- and ICAM-l-linked signal pathways leading to tissue factor synthesis in endothelial cells via 
an autocrine feedback loop involving PAF and TNF-a secretion. 



INTRODUCTION 

Tissue factor is regarded as the major trigger of the co- 
agulation cascade both in vitro and in vivo. (l-4) Once tis- 
sue factor is expressed on the surface of endothelial cells, it 
forms a proteolytically active complex with activated factor VII 
(factor Vila). This complex activates factor X and DC/ 4 "" 6 * which 
ultimately leads to thrombin formation and fibrin generation. It 
is therefore assumed that activated endothelial cells play a major 
role in the induction of intravascular coagulation. 

It was reported previously that leukocytes can induce en- 
dothelial tissue factor expression in vitroP' m The underlying 
mechanism remained unclear. However, the binding of cell-as- 
sociated ligands to endothelial adhesion molecules itself might 
be an important event, which may evoke intracellular signals, 
finally resulting in procoagulant activity. This idea is supported 
by the discovery that integrins as well as ICAM-1 are involved 
in signal transduction/ 1 1-1 3> Indirect evidence for a role of ad- 
hesion molec"!*^ in tissue factor synthesis was obtained in our 



recent study/ 14) in which we could block this process by sepa- 
rate or combined pretreatment of HUVECs with antibodies spe- 
cific for ICAM-1 and E-selectin to prevent interaction with 
LFAl/sLex-positive CD4 T cells. 

To investigate directly an active signaling function of adhe- 
sion molecules in tissue factor expression, second-passage 
human umbilical vein endothelial cells (HUVECs), either un- 
treated or preactivated with interferon-^ (IFN--y) to enhance 
E-selectin and ICAM-1 expression, were studied. It was pre- 
viously shown that IFN-7 itself does not induce tissue factor 
expression on endothelial cells. (l516) To mimic events solely 
caused by leukocyte adhesion in the absence of secreted leuko- 
cyte mediators, we cross- linked both adhesion molecules by 
treatment with anti-E-selectin and anti-ICAM-1, followed by 
incubation with antimouse IgG F(ab) 2 . The influence of this 
receptor cross-linking on tissue factor mRNA and function- 
ally active tissue factor production and the role of endoge- 
nous, endothelial cell-derived mediators in this process were 
studied. 
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MATERIALS AND METHODS 

Reagents 

Recombinant human interferon-7 (Dr. K. Thomae GmbH, 
Biberach, Germany) was used at a final concentration of 50 
ng/mJ. Lipopolysaccharide (LPS from Escherichia coli 026 : B6, 
Sigma, St. Louis, MO) was diluted to a final concentration of 
1 u,g/ml. WEB 2086 (Boehringer Ingelheim, Ingelheim, 
Germany), a direct antagonist of the platelet-activating factor 
receptor, was used at a final concentration of 4 mM. Platelet- 
activating factor (Boehringer Ingelheim, Ingelheim, Germany) 
was used at 10 u,M. 

Isolation and culture of cells 

Endothelial cells from human umbilical cord veins were iso- 
lated according to the method of Jaffe et al. (17) and propagated 
in culture in medium 199 supplemented with CLEX (5% wt/vol; 
Interchem, Munich, Germany), heat-inactivated fetal calf serum 
(5% wt/vol), and human serum (5% wt/vol) until they reached 
confluence. The cells were detached from the culture dish by 
collagenase treatment (1 mg/ml in phosphate-buffered saline, 
PBS, 2 minutes, 37°C), washed in medium 199 plus supple- 
mentations, and then seeded on four-well plates (Nunclon; 
Nunc, Wiesbaden, Germany) coated with extracellular matrix 
derived from bovine corneal endothelial cells. For assays, cells 
of the second passage were grown to confluence for 2-3 days 
in medium 199 plus supplementations. Each well (d = 16 mm) 
contained approximately 1 x 10 5 endothelial cells. 

Antibody staining and cytofluorometric analysis 

Stimulated endothelial cells (IFN-7, 50 ng/ml, 6 h) and con- 
trol cells were washed and detached from the extracellular ma- 
trix by collagenase treatment as just described. Mouse mono- 
clonal antibodies against tissue factor (American Diagnostics 
Greenwich), E-selectin and ICAM-1 (Bender, Vienna), were 
used at a final concentration of 5 jxg/ml each. Incubation was 
performed at 4°C for 45 minutes in PBS containing 0.2% bovine 
serum albumin (BSA). The cells were washed with PBS and 
BSA and stained with a fluorescein isothiocyanate (FITC)-con- 
jugated F(ab) 2 goat antimouse IgG (5 p.g/ml), for 45 minutes 
at 4°C. The cells were washed again and the pellet was resus- 
pended in PBS and BSA. A control antibody of the same iso- 
type (IgG,, mouse, 5 u,g/ml) was used to determine unspecific 
binding. Cytofluorometric analysis was performed with an 
Epics CS (Coulter, Hialeah, FL). Laser settings were 250 
mW/25 A and a wavelength of 488 nm. The cytometer was cal- 
ibrated using Dynabeads. Cells of interest (HUVECs) are shown 
after gating on forward and side scatter. Propidium iodide was 
used to determine viable cells. 

Antibody cross-linking of E-selectin and ICAM-I 

Monoclonal antibodies without preservatives were used. 
Anti-E-selectin (IgG 2 , mouse; Bender, Vienna, Austria) and 
anti-ICAM-1 (murine, IgG,; Bender, Vienna, Austria), as well 
as anti-CD34 (murine, IgG,; Dianova, Hamburg, Germany) and 
anti-MHC class II (aHLA-DR, murine, IgG 2 ; Dianova, 
Hamburg, Germany), were added each at a final concentration 



of 50 u,g/ml to the endothelial cells after IFN-7 treatment (50 
ng/ml, 6 h) and washing with PBS. The incubations were per- 
formed at 4°C for 1 h. After washing again with PBS, the cross- 
linking antibodies were added. They consisted of F(ab) 2 frag- 
ments (goat antimouse IgG) at a final concentration of 500 
jig/ml and were incubated with the endothelial cells for 1 h at 
4°C, as described. After washing with PBS, the cells were fur- 
ther incubated for 12 h at 37°C. 

Neutralizing antibodies and WEB 2086 

All antibodies used were devoid of preservatives and added 
to the culture at a final concentration of 10 u,g/ml. The anti- 
bodies, as well as WEB 2086, were incubated for the whole in- 
cubation period of 12 h at 37°C. Anti-TNF-a (murine, IgG 3 ) 
was purchased from Boehringer Mannheim, Germany. Anti- 
IL-2 (IgG, mouse) and anti-IL-la (IgG,, mouse) were obtained 
from Dianova (Hamburg, Germany). 

Tissue factor activity 

The surface procoagulant activity of the endothelial cell 
monolayer was measured in a two-stage thrombin formation 
assay in human whole blood. Freshly drawn citrated human 
blood (0.6 ml) was recalcified and immediately added to the 
endothelial cells. The four-well plate was gently shaken at 37°C. 
Samples (10 u,l) were taken for 20 minutes at 1 minute inter- 
vals. The samples were diluted 1 :400 in reaction buffer (Tris- 
HC1, 50 mM, NaCl, 100 mM, EDTA, 20 mM, and bovine serum 
albumin, 0.5 g/liter, pH 7.9) containing 200 u,M chromogenic 
substrate S2238 (Kabi Vitrum, Sweden). The reaction mixture 
was kept on ice for the duration of the experiment, and then 
cellular components were removed by centrifugation. The chro- 
mogenic reaction was started by rapid warming up to 37°C. 
Absorption at 405 nm was measured at two time points (5 and 
10 minutes after start of warming up), and optical density was 
determined. The amount of generated functionally active throm- 
bin was calculated from a standard curve derived from purified 
human thrombin (kindly provided by Prof. Hemker, Maastricht, 
Netherlands). Next, a dose-response curve of recombinant 
human tissue factor (kindly provided by Prof. Konigsberg, Yale 
University, New Haven, CT) was prepared. We determined the 
time delay (minutes) until the rate of thrombin formation ex- 
ceeded 30 nM as a parameter to convert the onset of thrombin 
formation to tissue factor concentration. The same method was 
used to determine the amount of tissue factor on the surface of 
endothelial cells. 

Northern blot analysis 

For northern blot analysis, endothelial cells were incubated 
with the cross-linking antibodies for only 2 h, instead of 12 h. 
Total cellular RNA was isolated by standard procedures. 
EiccuupiiuieSiS of 10 ^.g RNA per slot np.rf orme d in a 1.2% 
agarose and 6.6% formaldehyde gel. The RNA was transferred 
to nitrocellulose (Hybond N membrane, Amersham) in 20-fold 
NaCl/citrate (150 mM NaCl and 15 mM sodium citrate, pH 7.0) 
and cross-linked by ultraviolet light with 1 J/cm 2 . Human tis- 
sue factor cDNA (kindly provided by Prof. Konigsberg, Yale 
University) was labeled with a [ 32 P]dCTP (NEN) using a ready 
made DNA labeling kit (Pharmacia). Hybridization was per- 
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formed with 2 x 10 6 cpm/ml in 50% formamide, 5-fold 
Denhardfs, 5-fold solution A (0.15 M Nad 10 mM sodium 
phosphate, pH 7.4, and I mM EDTA) 0.5% sodium dodecyl 
sulfate (SDS), and 0.04 mg/ml of salmon sperm DNA for 18 h 
at 42°C The blot was washed twice for 15 minutes in 2-fold 
solution A containing 0.1% SDS at 65°C, 30 minutes in 1-fold 
solution A plus 0.1% SDS at 65°C, and twice for 15 minutes 
in 0.1-fold solution A containing 0.1% SDS at room tempera- 
ture. Hybridization with the constitutively expressed GAPDH 
was chosen for quantification. Autoradiography was done with 
intensifying screens at -70°C. 

Measurements of tumor necrosis factor a (TNF-a) 
production 

To determine the amount of TNF-a produced by the en- 
dothelial cells, the supernatants were tested by enzyme-linked 
immunosorbent assay (ELISA) using a human TNF-a ELISA 
kit (Boehringer Mannheim, Germany) according to the manu- 
facturer's protocol. 



RESULTS 

Stimulation ofHUVECs with IFN-y 

Interferon-7-activated (50 ng/ml, 6 h) human umbilical vein 
endothelial cells show, compared with control cells, enhanced 
surface expression of E-selectin and ICAM-1.° 4) In a typical 
experiment, the percentage of E-selectm-positive cells rose 
from 4.3 to 34%. ICAM-1 -expressing cells increased from 77 
to 90% after IFN-7 stimulation (Table 1). Furthermore, IFN-7 
stimulation augmented the number^ E-selectin and ICAM-1 
molecules per cell, because the mean relative fluorescence in- 
tensity shifted from 11 to 24 and from 7 1 to 99 for E-selectin 
and ICAM- 1 , respectively. 

Tissue factor transcripts in unstimulated or IFN-7-activated 
HUVECs could not be detected by northern blot analysis (Fig. 
1). The functional tissue factor activity of unstimulated and in- 
terferon-7-stimulated HUVECs was low and did not accelerate 
thrombin formation in human whole blood (Fig. 2). 

Effect of E-selectin and ICAM-1 receptor cross-linking 
on tissue factor induction 

We used monoclonal antibodies against E-selectin and 
ICAM-1 for a cross-linking study. Very Utile tissue factor 
mRNA and only 7 ± 3 pg/ml of functionally active protein could 
be detected after cross-linking of resting cells with anti-E-se- 



Table 1. FACS Analysis of Resting and WN-y 
Treated HUVECs 0 













Control 


Anti-t 






*8 


selectin 


and- ICAM-1 


Untreated HUVECs 


3.2 


4.3 


77.0 


IFN-7-treated HUVECs 


2.8 


33.8 


90.2 



•Data are expressed as percentage of cells staining above background 
levels obtained with the secondary antibody alone. Shown is one rep- 
resentative experiment of three performed with similar results. 




FIG. 1. Cross-linking of E-selectin and ICAM-1: northern 
blot analysis of tissue factor mRNA in HUVECs. Upper bands 
show 2.2 kb tissue factor mRNA, lower bands the 1.2 kb 
GAPDH mRNA. Lane 1, mRNA from IFN-^-acUvated 
HUVECs, which were treated with anti-E-selectin, anti- 
ICAM-1, and antimouse IgG F(ab) 2 . Lane 2, mRNA from rest- 
ing HUVECs treated with anti-E-selectin, anti-ICAM-1, and an- 
timouse IgG F(ab) 2 . Lane 3, mRNA from IFN-ractivated 
HUVECs, treated with anti-MHC-H anti-CD34, and antimouse 
IgG F(ab) 2 . Lane 4, mRNA from resting HUVECs treated with 
anti-MHC-II, anti-CD34, and antimouse IgG F(ab) 2 . Lane 5, 
transcripts from resting HUVECs. Lane 6, mRNA from IFN- 
7-treated HUVECs. Data show one representative experiment 
of three. 

lectin and anti-ICAM-1 antibodies (Figs. 1 and 2). Cross-link- 
ing of E-selectin and ICAM-1 on IFN-rpreactivated cells, 
however, induced tissue factor mRNA (Fig. 1). The increased 
mRNA levels were foUowed by enhanced functional tissue fac- 
tor activity (90 ± 8 pg, Fig. 2), which could be inhibited by 
anti-tissue factor antibodies (Fig. 2). Cross-Unking of E-selectin 
alone and of ICAM-1 alone also induced functional tissue fac- 
tor activity, but the response was lower and more variable, 
yielding approximately 60 ± 15 and 25 ± 10 pg/ml, respectively. 
Tissue factor induction by cross-linking was E-selectin and 
ICAM-i specific, because cross-linking of other surface mole : 
cules (major histocompatibility complex 0, MHC II, and CD34) 
on both IFN-r treated and unstimulated cells did not induce tis- 
sue factor mRNA or functional activity (Figs. 1 and 2). For 
comparison, stimulation ofHUVECs with 1 fig/ml of lipopoly- 
saccharide (LPS) induced approximately 180 ± 9 pg function- 
ally active tissue factor. 

Inhibition of the platelet-activating factor receptor 

Addition of the synthetic platelet-activating factor receptor 
antagonist WEB 2086 to the endothelial monolayer abolished 
the effect of cross-linking. Functional tissue factor activity was 
downregulated by WEB 2086 from 90 ± 8 pg to approximately 
5 ± 3 pg (Fig. 3). LPS-induced tissue factor expression was not 
affected by WEB 2086 and remained at 190 ± 15 pg/ml of tis- 
sue factor. Stimulation with the platelet-activating factor (PAF) 
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FIG. 2. Effect of cross-linking on functional tissue factor ex- 
pression of HUVECs. Lane 1, resting HUVECs; lane 2, IFN-7- 
treated HUVECs (50 ng/ml, 6h); lane 3, IFN-7-treated 
HUVECs cross-linked by anti-E-selectin, anti-ICAM-1, and an- 
timouse IgG F(ab) 2 ; lane 4, resting HUVECs treated with anti- 
E-selectin, anti-ICAM-1, and antimouse IgG F(ab) 2 ; lane 5, 
IFN-7-treated HUVECs incubated with antimouse IgG F(ab) 2 ; 
lane 6, IFN-7-treated HUVECs cross-linked by anti-MHC-II, 
anti-CD34, and antimouse IgG F(ab) 2 ; lane 7, IFN-7-treated 
HUVECs cross-linked by anti-E-selectin, anti-ICAM-1, and an- 
timouse IgG F(ab) 2 followed by inhibition with anti-tissue fac- 
tor antibodies (45 minutes, 50 ng/ml). Data show mean ± stan- 
dard deviation (SD) of three experiments. 



itself, however, did not induce endothelial tissue factor expres- 
sion, either on quiescent cells or on IFN-7-prestimulated 
HUVECs. 




FIG. 3. Inhibition of cross-linking effect. Lane 1, resting 
HUVECs; lane 2, IFN-7-treated HUVECs (50 ng/ml 6 h); lane 
3, IFN-7-treated HUVECs cross-linked by anti-E-selectin, anti- 
ICAM-1, and antimouse IgG F(ab>2; lane 4, resting HUVECs 
treated with anti-E-selectin, anti-ICAM-1, and antimouse IgG 
F(ab) 2 ; lane 5, IFN-7-treated HUVECs cross-linked by anti-E- 
selectin, anti-ICAM-1, and antimouse IgG F(ab) 2 , followed by 
anti-IL-2 antibodies (37°C, 12 h); lane 6, IFN-7-treated 
HUVECs cross-linked by anti-E-selectin, anti-ICAM-1, and an- 
timouse IgG F(ab) 2 , followed by anti-TNF-a antibodies, lane 
7, IFN-7-treated HUVECs cross-linked by anti-E-selectin, anti- 
ICAM-1, and antimouse IgG F(ab) 2 , followed by WEB 2086 
incubation (37°C, 12 h); 8, IFN-7-treated HUVECs cross- 
linked by anti-E-selectin, anti-ICAM-1, and antimouse IgG 
F(ab) 2 , followed by anti-IL-la antibodies. Data show mean ± 
SD of three experiments. 



Neutralization of soluble mediators 

To investigate the role of soluble mediators in the induction 
of tissue factor, we separately employed neutralizing antibod- 
ies against TNF-ot, interleukin-la (IL-la), and IL-2. Anti- 
TNF-a antibodies completely prevented tissue factor induction 
upon cross-linking of E-selectin and ICAM- 1 (Fig. 3). In con- 
trast, both anti-IL-2 and anti-IL-la neutralizing antibodies had 
no effect on tissue factor induction (approximately 85 ± 10 and 
80 ± 9 pg, respectively; Fig. 3). 

Induction of endothelial TNF-a production by 
E-selectin and ICAM-] cross-linking 

TNF-a secretion was determined by enzyme-linked im- 
munosorbent assay as described. Cross-linking of resting cells 
with anti-E-selectin and anti-ICAM-1 antibodies triggered the 
release of 180 ± 40 pg/ml of TNF-a, which was measured 5 h 
after cross-linking (Fig. 4), whereas cross-linking of E-selectin 
and ICAM- 1 on the surface of JFN-7-preactivated endothelial 
cells yielded significantly more TNF-a (490 ± 7 pg/mi, Hg. 4}. 
The production of TNF-a by either resting or IFN-7-prestimu- 
lated endothelial cells after cross-linking of E-selectin and 
ICAM-1 could be downregulated by the addition of the PAF 
receptor antagonist WEB 2086, which reduced the amount 
TNF-a produced to 130 ± 60 and 120 ± 28 pg/ml, respectively 
(Fig. 4). However, in the absence of cross-linking antibodies, 
stimulation of endothelial cells with either IFN-7 or PAF, or 
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FIG. 4. ELISA measurements of endothelial TNF production. 
Lane 1, resting HUVECs; lane 2, IFN-7-treated HUVECs; lane 
3, PAF-treated HUVECs (10 u,M); lane 4, IFN-7 + PAF-stim- 
ulated HUYEC«;. ,anft \ resting HUVECs treated with anti-E- 
selectin, anti-ICAM-1, and antimouse IgG F(ab) 2 ; lane 6, rest- 
ing HUVECs treated with anti-E-selectin, anti-ICAM-1, and 
antimouse IgG F(ab) 2 + WEB 2086; lane 7, IFN-7-trcated 
HUVECs cross-linked by anti-E-selectin, anti-ICAM- 1, and an- 
timouse IgG F(ab) 2 ; lane 8, IFN-7-treated HUVECs cross- 
linked by anti-E-selectin, anti-ICAM-1, and antimouse IgG 
F(ab) 2 + WEB 2086. Data show mean ± SD of three experi- 
ments. 
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FIG. 5. ELISA measurements of endothelial TNF produc- 
tion Lane 1, resting HUVECs treated with anti-E-selectin, 
anti-ICAM-1, and antimouse IgG F(ab) 2 ; lane 2, resting 
HUVECs treated with anti-E-selectin, anti-ICAM-l, and an- 
timouse IgG F(ab) 2 + PAF (10 |iM); lane ^EPN-if ^treated 
HUVECs cross-linked with anti-E-selectin, anti-ICAM-1, and 
antimouse IgG F(ab) 2 ; lane 4, IFN-^-treated HUVECs cross- 
linked by anti-E-selectin, anti-ICAM-1, and antimouse IgG 
F(ab) 2 + PAF (10 pM). Data show one representative ex- 
periment of three. 



with both IFN-7 and PAF simultaneously, did not trigger the 
release of TNF-a (Fig. 4). 

TNF-a production upon cross-linking of E-selectin and 
ICAM-l in the presence of exogenous PAF 

The release of TNF-a after citSs's-Unking of E-selectin and 
ICAM-l was downregulated by WEB 2086, thus indicating a 
costiroulatory role of PAF. Because stimulation of endothelial 
cells with PAF alone did not trigger the release of TNF-a, we 
wanted to clarify the role of PAF with respect to TNF produc- 
tion. Addition of exogenous PAF to resting endothelial cells 
with cross-linked E-selectin and ICAM-l led to enhanced lev- 
els of TNF in the supernatant, which rose from 210 to 520 pg/ml 
(Fig. 5). Addition of exogenous PAF to IFN-7 stimulated cells 
after cross-linking of E-selectin and ICAM-l caused an in- 
creased in TNF production from 460 to 700 pg/ml (Fig. 5). 



DISCUSSION 

This work provides evidence that ligand binding to E-selectin 
and ICAM-l activates a signaling pathway that induces tissue 
factor synthesis via PAF and TNF-a production. 

Resting and IFN-7-stimulated HUVECs had very little tis- 
sue factor mRNA and no procoagulant activity. However, ad- 
dition of IFN -y led to upregulation of iOvm-i cxprcccicr. and 
also enhanced basal levels of E-selectin, as revealed from im- 
munofluorescence flow cytometry. The upregulation of 
ICAM-l by IFN-t is in accordance with other reports/ 1 } and 
increased E-selectin expression upon IFN-7 stimulation was 
also observed previously, 0 * although IFN-7 by itself does not 
induce expression of E-selectin. Rather, it has been shown that 
IFN-7 exerts modulating effects on E-selectin by enhancing and 



prolonging the expression of E-selectin on the surface of en- 
dothelial cells/ I9> Accordingly, a similar mechanism can be as- 
sumed here, where a preexisting basal expression of E-selectin 
is further enhanced by IFN-7. This reasoning is supported by 
the observation (E Schmid, unpublished results) that normal 
endothelial cell cultures show variable and sometimes elevated 
levels of E-selectin, which may reflect cell culture-dependent 
differences in the preacuvation/differentiation state of 
HUVECs. In any case, IFN-7 treatment did not induce tissue 
factor as determined by northern blot and functional analysis, 
which is in agreement with reports from other laboratories. 0516 * 
ICAM-l is known to be an important adhesion molecule for 
lymphocytes. (20) Previously, it was also shown that at least a 
subpopulation of lymphocytes is also able to bind to E-se- 
lectin/ 21 * 22 * So far, there has been no evidence to suggest that 
E-selectin and ICAM-l are linked to a signaling pathway whose 
activation leads to the induction of tissue factor. Because we 
previously showed that CD4 T cell adhesion to endotheUum via 
E-selectin/ICAM-l-induced tissue factor production 04 * we 
cross-linked E-selectin and ICAM-l to mimic the natural re- 
ceptor-ligand interaction and to demonstrate the importance of 
both adhesion molecules in tissue factor induction. 

Using this stimulation protocol, we observed a strong in- 
duction in tissue factor mRNA levels and functional tissue fac- 
tor. In contrast, antibodies against MHC class H and CD34 were 
not effective, indicating that tissue factor induction is E-selectin 
and ICAM-l specific. Costimulation of both E-selectin and 
ICAM-l was necessary to obtain an optimal tissue factor re- 
sponse. However, cross-linking of each molecule alone resulted 
in a small but significant tissue factor expression (data not 
shown). This is in accordance with our previous data showing 
that inhibition of CD4 T cell-HUVEC interaction via either E- 
selectin/sLex or ICAM-l/LFA-1 resulted in an overproportional 
reduction in tissue factor synthesis. 04 * No tissue factor induc- 
tion by E-selectin and ICAM-l cross-Unking occurred in rest- 
ing HUVECs, most likely because of insufficient expression 
levels of E-selectin and ICAM-l on resting HUVECs, thus re- 
sulting in inefficient cross-linking. 

With respect to the signal pathways activated upon E-selectin 
and ICAM-l cross-linking, we obtained evidence for the in- 
volvement of PAF/PAF receptor, because the PAF receptor an- 
tagonist WEB 2086 inhibited the effect of cross-linking. 
Likewise, we recently showed that WEB 2086 also inhibits tis- 
sue factor production upon lymphocyte adhesion to 
HUVECs.° 4) Thus, upon cross-linking of E-selectin and 
ICAM-l by antibodies or by natural, membrane-expressed lig- 
ands during cell contact, PAF is secreted and can function as a 
messenger acting via an autocrine, PAF receptor-mediated feed- 
back loop. However, PAF itself was not sufficient to induce the 
tissue factor expression of HUVEC. Therefore, other autocrine 
mediators must be involved that are produced concomitantly or 
subsequent to the release of PAF by HUVECs. (23) IL-la and 
TNF-a are likely candidates, because both can be produced by 
endothelial cells* 24 " 2 ** and are known 10 inuucc endothelial tis- 
sue factor/ 29 " 3 " However, in our system, only the addition of 
anti-TNF-a antibodies prevented the induction of tissue factor, 
whereas anti-IL-la antibodies were ineffective. Inhibition of 
TNF-a action was specific inasmuch as tissue factor induction 
by LPS was not affected by anti-TNF antibodies (data not 
shown). 
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The antibody inhibition data suggested that endothelial cells 
produce TNF-a upon cross-linking of E-selectin and ICAM-1. 
This could be verified by determination of TNF-a levels in cul- 
ture supematants. These data show that endothelial cells are in- 
deed able to produce TNF-a upon appropriate activation of 
E-selectin and ICAM-1. Engagement of both E-selectin and 
ICAM-1 also induced PAF release, which apparently can act 
as a costimulator of autocrine TNF-a production via activation 
of its cognate receptor. Accordingly, at least two external sig- 
nals appear to be required for autocrine TNF-a production of 
HUVECs: one is mediated by E-selectin and/or ICAM- 1 cross- 
linking itself, and the second is induced upon PAF interaction 
with its membrane receptor. These data also suggest that E- 
selectin/ICAM- 1 cross-linking, induced either experimentally 
by antibodies or under physiologic conditions by leukocyte ad- 
hesion/ 14) can potentially activate several independent signal 
pathways. Our finding that adhesion to E-selectin and ICAM-1 
leads to induction of signaling pathways is corroborated by re- 
cent evidence that ICAM-1 can activate tyrosine phosphoryla- 
tion in brain endothelial cells (32) and is in full accordance with 
the current view of adhesion molecules as important signal 
transducers in several tissues. (33) Likewise, PAF also activates 
signal pathways, because stimulation of endothelial cells by 
PAF induces protein kinase C (PKC). (34) Transcription of the 
TNF-a gene is known to be PKC dependent/ 35 ' TNF-a in turn 
can act via two types of receptors, both of which have been 
demonstrated to be expressed by endothelial cells/ 36 37) Thus, 
autocrine TNF can bind to these receptors and trigger diverse 
signaling events, typically resulting in NF-kB activation/ 38) 
Both PKC and NF-kB have been described as major regulators 
of tissue factor gene transcription/ 39 ' 40 ' 

In conclusion, our study demonstrates that cross-linking of 
E-selectin and ICAM-1, either by natural ligand or antibody 
mediated, activates a signaling pathway in the endothelial cells 
that leads to the transcription of the tissue factor gene and to 
the expression of functionally active tissue factor protein. We 
propose that this is achieved via an apparently autocrine dou- 
ble-positive feedback loop with the following sequence: (1) en- 
gagement of E-selectin and ICAM- 1, (2) activation of intracel- 
lular signal transduction pathways and release of PAF, (3) 
PAF-mediated enhancement of TNF-a production/secretion, 
and (4) TNF-a-mediated tissue factor transcription. 

A pathophysiologic role of adhesion molecule-induced tis- 
sue factor expression can be deduced from a recent report of a 
concomittant induction of tissue factor and E-selectin on en- 
dothelial cells in an animal model of septic shock/ 40 However, 
to what extent this mechanism of endothelial cell tissue factor 
production contributes to intravascular coagulation under con- 
ditions in which the circulation is flooded with TNF-a from 
other cellular sources remains unclear at present. Rather, we 
propose that this autocrine. TNF-a-dependent tissue factor pro- 
duction of endothelial cells could be of relevance for the de- 
velopment ot local tissue damage in iiuiiiiifcCuCUS, chronic dc 
generative diseases, such as atherosclerosis. 
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INTRODUCTION In this review, we examine the inflammatory and 

Acute inflammation constitutes the body's principal thrombotic reactions elicited by a Gram-negative bacte- 

mode of defense against infection and other harmful num - Escherichia coli and by endotoxin, followed by an 

agents, and neutrophils are the primary effector cells in of J e vwo a . nd in observations which 

this process. When inflammation occurs in response to imph^te cytokines as he mediators of these phenom- 

infection with pathogenic microorganisms, the damage * na - We , t then examine the and <J e . mechanisms of 

that is often observed locally is a sacrifice aimed to J e result ' n g microvascular injury and deal briefly with 

prevent the spread of infectious agents throughout the * he significance of inflammation in defense against 

body. Gram-negative microorganisms elicit a brisk in- Gram-negative microorganisms, 
flammatory reaction which is largely induced by one of 

their cell wall constituents, endotoxin. The infiltrating INFLAMMATION INDUCED BY E. coli AND 

neutrophils phagocytose and kill the bacteria. The in- ENDOTOXIN 

flammatory reaction is often associated with severe local ______ 

microvascular injury and abscess formation. Besides elk- Morphologic Observations 

iting inflammation, endotoxin can predispose the local By counting the number of neutrophils in the lymph 

microvasculature to thrombosis upon subsequent sys- draining an inflammatory lesion and examining the tis- 

temic endotoxemia or complement activation, as dem- sue histologically, injection of E. coli was found to elicit 

onstrated by the local Shwartzman reaction. Both the a very intense inflammatory reaction, resulting in ab- 

inflammatory and the thrombotic phenomena induced scess formation in 24-hour lesions in sheep (64). Similar 

by endotoxin are mediated by the local generation of observations, including the abscess formation, were made 

cytokines. subsequently in rabbits, in which ultrastructurally phag- 

In addition to local effects, endotoxin slieu hy Gram- -cc-ytcsed bacteria were demonstrable in neutrophils, 

negative bacteria can access the circulation resulting in often undergoing lysis (69). More recently, the morphol- 

profound systemic effects. Endotoxin has been suggested ogy of the inflammatory lesions induced by killed E. coli 

as the principal causative agent of Gram-negative septic was examined again and the findings correlated with 

shock and disseminated intravascular coagulation, which other parameters (for details vide infra under "Inflam- 

are associated with a high mortality. It is also capable of mation and Host Defense in Gram-Negative Infection") 

eliciting fever, various components of the acute phase (27). When 20 sites were injected simultaneously with E. 

reaction, and a prolonged and profound neutropenia. coli (6 x 10 8 /site), a marked neutropenia developed and 
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very few neutrophils were detectable at the injected site, 
and many extracellular bacteria were detectable histolog- 
ically. A reinjection of the same large number of bacteria 
after recovery from the neutropenia (during the neutro- 
philic phase), resulted in a marked infiltration of the 
dermis by neutrophils, with very few bacteria, mostly 
within the phagocytes. 

The injection of killed E. coli or large doses of endo- 
toxin is followed by severe microvascular injury (vide 
infra, "Endotoxin-Induced Microvascular Injury and 
Thrombosis"). However, the injection of a large number 
of live E. coli (2 x 10 10 /site) or smaller numbers in 
neutropenic rabbits is associated with necrosis of the 
dermis at the injection site (18). 

Quantitative Studies 

Having been able to quantitate increase in vasoperme- 
ability (115) and changes in blood flow in inflammation 
(49), it had become pertinent to quantitate the emigra- 
tion of neutrophil leukocytes and their accumulation in 
the lesions (55, 56). The first studies on quantitation and 
kinetics of the acute inflammatory reaction were done 
with killed E. coli. Neutrophils were isolated from the 
blood of rabbits, radiolabeled and reinfused intrave- 
nously. These studies ascertained that the emigration of 
neutrophils was transient. The maximal rate of emigra- 
tion was between 2 to 3 hours and after 6 to 8 hours, the 
rate of emigration was less than 10% of maximal (Fig. 
1A ). With live E. coli (18, 86) and leukocyte chemoattrac- 
tants (22) neutrophil emigration followed similar kinet- 
ics. When blood mononuclear leukocytes were radiola- 
beled (61), the maximal rate of monocyte accumulation 
into lesions induced by killed E. coli coincided with 
neutrophils, however monocytes continued to accumu- 
late at approximately 25% of the maximal rate for at 
least 24 hours (Fig. 15). The absolute number of neutro- 
phils which accumulate in E. coli lesions during the first 
6 hours greatly exceeds the number of monocytes, as is 
evident in histologic sections of early lesions. Neutro- 
phils comprise over 30% of the rabbit's circulating leu- 
kocytes, whereas monocytes constitute less than 5%. 
Thus, the delivery of circulating neutrophils to the in- 
flammatory site exceeds monocytes by at least 6-fold. 
Emigrated neutrophils die relatively early or leave the 
inflammatory site via lymphatics (64). Monocytes con- 
tinue to accumulate and undergo transformation into 
macrophages, thus becoming the predominant cell in the 
late stages of E. coli inflammation. 

The' skin of rabbits was ideal to quantitate events in 
an inflammatory reaction because various doses or time 
points under study could be injected in triplicate or 
quadruplicate, including positive and negative controls. 
However, E. coli or endotoxin as inflammatory stimuli 
were suitable also for the study of inflammation in the 
lung (29, 30) and pleura (53, 54). Moreover, by a further 
purification of the ^Cr-labeled blood neutrophils, and a 
comparison of the radiolabeled cells in the blood and in 
a pleural exudate, the specificity and precision of the 
quantitative procedure was markedly improved (27). 
This enabled the expression of the results as the number 
of infiltrating neutrophils/lesion in relation to the num- 
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Fig. 1. Kinetics of leukocyte accumulation in rabbit skin. A, Rate 
of neutrophil leukocyte accumulation in inflammatory lesions induced 
by E. coli. Formalin-killed E. coli (5 x 10 8 /site) were injected at varying 
times intradermal^ and autologous 51 Cr-labeled leukocytes were in- 
fused 30 minutes before sacrifice. Histologic examination ascertained 
that during peak emigration, over 90% of the infiltrating cell were 
neutrophil leukocytes (PMNs). Their number in hematoxylin and 
eosin-stained sections was scored semiquantitatively from 1 to 4+. This 
is one representative experiment of five. Points are means ± SEM of 
five replicate sites. Reproduced from Issekutz and Movat, Lab Invest 
42:310, 1980. B, Mononuclear leukocyte accumulation in inflammatory 
lesions induced by E. coli. Killed E. coli (5 x 10 a /site) were injected 
intradermal^ at varying time intervals and 51 Cr-labeled mononuclear 
cells were injected intravenously 1 hour before sacrifice. The results of 
three experiments are shown. Points are mean ± SEM of triplicate sets. 
Saline-inoculated sites had 40 cpm, and this was subtracted from each 
point. By histology, the mononuclear cells were monocytes/macro- 
phages. When M Cr- labeled lymphocytes were injected intravenously no 
accumulation was demonstrable. Reproduced from Issekutz et a/., Am 
J Pathol 103:47, 1981, Copyright by the American Association of 
Pathologists, Inc. 

ber of circulating neutrophils. The latter was demon- 
strated to influence the delivery of neutrophils at the 
inflammatory site. When a large dose of E. coli was 
administered, a profound and prolonged neutropenia de- 
veloped and neutrophil emigration into the E. coli-'m- 
jected intradermal sites was markedly attenuated (27). 

In addition to leukocyte emigration, the injection of 
E. coli induced a transient hyperemia, enhanced vaso- 
permeability, and hemorrhage (69). E. coli and endotoxin 
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were the most frequent stimuli in inflammation associ- 
ated with microhemorrhage (68) and microthrombosis 
I (62, 87). Injected E. coli or endotoxin readily induce a 

* hemorrhagic inflammatory reaction (69, 87), but this is 
seldom observed with staphylococcus-induced experi- 
mental inflammation (I. J. Cybulsky and H. Z. Movat, 
unpublished observations). Of all chemotaxins, only ac- 
tivated complement (C5aa e sAr g ) was capable of eliciting 
some hemorrhagic response (57, 58, 88). All the proce- 
dures mentioned above made use of radiolabeled cells 
and blood constituents for the quantitation of the inflam- 
matory reaction. 

Increase in vascular permeability and hemorrhage in 
inflammatory reactions induced by killed E. coli axe 
neutrophil-dependent components of the reaction, since 
depletion of circulating neutrophils abrogates the devel- 
opment of vascular injury, quantitated with 125 I-albumin 
and 59 Fe-erythrocytes (70). This has been known for 
some time with respect to immune complex-induced in- 
flammatory reactions associated with vascular injury 
(reviewed in Refs. 19, 81). The depletion of hemolytic 
complement and C5 markedly decreases neutrophil em- 
igration, enhanced vasopermeability, and hemorrhage 
induced by the deposition of immune precipitates (24), 
however, it only partially inhibits the permeability 
change induced by E. coli and does not influence the 
neutrophil influx or hemorrhage (70). This suggested a 
mediating role for complement only in the immune com- 
plex-induced inflammatory reaction, and raised the ques- 
tion of a bacterium-derived substance in the mediation 
|k of E. co/i-induced inflammation. Issekutz, Bhimji, and 

* Bertolussi (52) demonstrated that killed E. co/i-induced 
inflammation was diminished when the bacteria were 
treated with polymyxin B (which forms a complex with 
and inactivates endotoxin) or with anti-endotoxin anti- 
body. Furthermore E. coli incubated in heat-inactivated 
plasma or buffer shed a substance into the supernatant, 
which induced neutrophil emigration when injected in- 
tradermally, but was not chemotactic in vitro (51). Po- 
lymyxin B or antibody to 0 or core glycolipid antigens 
diminished the potency of the supernatant (and of endo- 
toxin) to induce neutrophil emigration. Issekutz and 
Bhimji (51) concluded that the material shed by the E. 
coli was endotoxin. Thus Gram-negative bacteria induce 
neutrophil emigration by releasing endotoxin which is 
not directly chemotactic or chemokinetic and at low 
doses exerts its effect in vivo independent of complement. 
During their growth phase E. coli secrete chemotactic 
formylated peptides (74) and potentially chemotactic 
lipids. Live E. coli induce also a neutrophil -independent 
tissue injury (18, 59), in which bacterial hemolysins play 
a role (59). 

Attempts were also made to sluuy trie relationship 
between the movement of protein from the vasculature 
into the extracellular space and the clearance of this 
protein from the inflammatory site (induced by E. coli or 
other means). This was achieved by quantitating the 
increase in vascular permeability ( 131 I-albumin) and 
* monitoring simultaneously the disappearance (clear- 
ance) of intradermal^ injected 125 I -albumin from inflam- 
matory and control sites (47). It was observed that the 



removal rates of albumin injected into E. co/t-induced 
inflammatory sites (10 2 to 10 6 E, coli/ 'site) were not 
greater than those at sites injected with saline, despite 
170 to 700% increases in vasopermeability observed in 
the inflammatory lesions. In fact, with high doses of E, 
coli (10 8 /site) the mobilization of protein from the lesions 
was significantly reduced. In contrast with other inflam- 
matory stimuli (bradykinin, heat injury) the clearance of 
extravascular protein from the lesions was enhanced over 
saline sites, implying a unique mechanism with E. coli 
(and endotoxin)-induced inflammatory edema (47). 
These observations may have relevance to the develop- 
ment of edema associated with Gram-negative septicemia 
and have led to studies on the role of lymphatic vessels 
in inflammatory edema (38, 63). 

MEDIATION OF ENDOTOXIN-INDUCED 
INFLAMMATION 

Gram-negative bacteria release (shed) endotoxins, 
which are lipopolysaccharide-protein complexes (40, 79, 
120) and elicit a marked acute inflammatory reaction 
characterized by intense neutrophil emigration. The hy- 
pothesis that endotoxin -induced neutrophil emigration 
is a mediated process, is based on the knowledge that 
many of the in vivo biologic effects of endotoxin are 
mediated by host-derived mediators: leukocyte chemo- 
attractants (C5a) and cytokines. 

Leukocyte Chemoattractants 

To date, substantial evidence has accumulated which 
suggest that leukocyte chemoattractants do not mediate 
endotoxin-induced neutrophil emigration. The depletion 
of complement with cobra venom factor had minimal 
effects on emigration induced by endotoxin (28) or E. 
coli (70), which indicates that C5a is not a relevant 
mediator. Picogram quantities of endotoxin are sufficient 
to elicit detectable neutrophil infiltration into the skin 
of rabbits and comparisons of molar potencies to leuko- 
cyte chemoattractants estimated that endotoxin was at 
least 1000-fold more potent (22, 26). Moreover, endo- 
toxin did not induce tachyphylaxis to several leukocyte 
chemoattractants (20, 21, 26). The experiments of 
McComb, Cybulsky, and Movat (76) demonstrated that 
endotoxin induces neutrophil emigration by a different 
mechanism than leukocyte chemoattractants. The onset 
of neutrophil emigration following the injection of leu- 
kocyte chemoattractants was found to be more rapid and 
unlike endotoxin was not dependent on protein synthe- 
sis. 

Cytokines: Mediators of the Acute Phase 
Response 

The concept that cvtokines are mediators of endo- 
toxin-induced inflammation arose from observations 
made in conjunction with the acute phase response, 
which followed various forms of trauma and tissue injury 
associated with inflammation, but particularly the injec- 
tion of endotoxin. The acute phase reaction includes 
fever, leukopenia followed by leukocytosis with neutro- 
philia, changes in certain heavy metals in the plasma, 
increase in acute phase proteins (e.g., C-reactive protein, 
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plasma proteinase inhibitors, transport proteins, fibrin- 
ogen) in plasma and their secretion in the liver (reviewed 
in Refs. 67, 81). Kampschmidt and co-workers described 
in the 60s and 70s a substance, "leukocytic endogenous 
mediator" which like the earlier described "endogenous 
pyrogen" and endotoxin, had the capacity to elicit the 
acute phase response (reviewed in Ref. 65). Both endog- 
enous pyrogen and leukocytic endogenous mediator were 
shown to be leukocyte-derived, but the cell type was first 
in question, until monocytes/macrophages were demon- 
strated as the primary source of interleukin-1 (IL-1), 
endogenous pyrogen and lymphocyte-activating factor 
(2, 48, 121). However, more recently good evidence was 
again presented that neutrophils can synthesize IL-1 
(122). Another important source of 11-1 with respect to 
inflammation is the endothelial cell (71, 92), and the 
smooth muscle cell (72). Lymphocyte-activating factor 
(in the thymocyte co-mitogenesis assay) was described 
in the 70s by immunologists and designated as IL-1 by a 
group of cellular immunologists (J Immunol 123:2928, 
1979). Eventually endogenous pyrogen, leukocytic endog- 
enous mediator and lymphocyte-activating factor were 
shown to be identical to IL-1, by comparing their biologic 
and biochemical properties (reviewed in Refs. 33, 34). 
Recently, tumor necrosis factor (TNF), a cytokine pro- 
duced by monocytes-macrophages in response to endo- 
toxin was found to possess many of the activities ascribed 
to IL-1 (6). In view of these observations, the roles of 
IL-1 and more recently of TNF in mediating neutrophil 
emigration induced by endotoxin were examined. 

Interleukin l: Mediator of Endotoxin-Induced 
Neutrophil Emigration 

Initial attention was focused on determining whether 
IL-1 could induce neutrophil emigration in vivo. Studies 
were carried out in which the activities in supernatants 
of cultured rabbit alevolar macrophages stimulated with 
opsonized zymosan or lipopolysaccharide, were assayed 
for neutrophil emigration-inducing activity and activity 
in the mouse thymocyte comitogenesis assay (25, 28). 
Fractions from a gel filtration column with low molecular 
weight showed activity in both assays, with peak activity 
in 14,000 to 16,000 molecular weight fractions, which 
corresponded to the MW of IL-1. High molecular weight 
fractions showed activity only in the neutrophil accu- 
mulation assay. Issekutz, Meygeri, and Issekutz (54) have 
reported similar activity in endotoxin-induced pleural 
exudates and supernatants of cultured pleural macro- 
phages stimulated with endotoxin. Neutrophil emigra- 
tion could also be induced with purified murine IL-1 
(spirochete-stimulated macrophages, 5, 45), affinity-pu- 
rified human monocyte-derived IL-1 (25, 26) and recom- 
binant IL-1 preparations (28, 28a, 44, 96a). Observations 
with recombinant IL-1 are particularly important, since 
purified monocyte/macrophage-derived preparations 
may contain trace protein contaminants with biologic 
activities. Endotoxin contamination of IL-1 preparations 
has been ruled out by demonstrating stability of endo- 
toxin but not of IL-1 to heating, and inhibition of endo- 
toxin but not IL-1 activity with polymyxin B sulfate. 
Recently, TNF also has been found to induce neutrophil 
emigration (3, 28a, 31, 60, 85). 



The analysis of the roles of IL-1 and TNF in endo- 
toxin-induced neutrophil emigration is based on (a) com- 
parisons of potencies, (b) kinetic profiles and (c) exami- 
nation of cross tachyphylaxis. The potencies of both IL- 
la and IL-1/? approached that of endotoxin (27, 28a) 
(Fig. 2) and are similar to synthetic lipid A (28a). TNF 
on the other hand was found to be less potent than the 
IL-1 species (28, 85) (Fig. 2) and of comparable molar 
potency to the leukocyte chemoattractants. In earlier 
studies, leukocyte chemoattractants were found to be at 
least 1000-fold less potent than endotoxin (21, 26). These 
experiments suggest that in order to elicit an equivalent 
magnitude of neutrophil emigration, each molecule of 
endotoxin would have to generate 1 to 10 molecules of 
IL-1, 1000 to 10,000 molecules of TNF, or over 1000 
molecules of a leukocyte chemoattractant. The latter 
possibility is not likely at least with regards to CSa^r* 
or leukotriene B 4 since relatively high concentrations of 
endotoxin are required for the activation of complement 
(51) and endotoxin is not a potent stimulator of leuko- 
triene B 4 production (13). The relative amounts of IL- 
land TNF production by different cell types remains to 
be determined, however if both are produced, their effects 
on neutrophil emigration appear to be synergistic (60, 
85) (Fig. 2). 

The kinetic profile of neutrophil emigration induced 
by IL-1, TNF or endotoxin demonstrated a very low rate 
of emigration in the first 30 minutes (28, 28a). This may 
represent the time required by the endothelial cells to 
synthesize proteins adhesive for leukocytes (vide infra). 
After 30 minutes, emigration into sites injected with the 
cytokines increased dramatically, but remained low for a 
further 30 minutes into sites injected with endotoxin. 
These observations suggest that endotoxin may induce 
the synthesis of a cytokine mediator in situ, a process 
requiring approximately 30 minutes, followed by a fur- 
ther 30 minutes for the synthesis of adhesive proteins by 
the endothelium. In contrast to the cytokines or endo- 
toxin, leukocyte chemoattractants elicit neutrophil emi- 
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time period. The dose response to two concentrations of IL-la and 
TNFa are illustrated. When the lowest concentrations of the two 
cytokines were injected together, the neutrophil emigration was 69% 
greater than the additive response induced by each individual cytokine, 
implying a synergism between IL-1 and TNFa. 
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gration more rapidly, with significant emigration already 
detectable within the first 30 minutes after intradermal 
^ injections (76). 

w The term desensitization or tachyphylaxis at the in- 
flammatory site was used in conjunction with reduced 
responsiveness to an inflammatory agent (20, 21). When 
dermal sites were reinjected with the same chemotaxin 
I and the neutrophil emigration quantitated with 51 Cr- 
neutrophils after the reinjection (second injection), their 
number was decreased, compared with sites injected for 
the first time. Pertinent to this, was the observation that 
all inflammatory agents tested induced a transient emi- 
gration, which had ceased after the 4th hour (22). Thus, 
inflammatory lesions were initiated 8 hours before sac- 
rifice and restimulated 6 hours later, followed immedi- 
ately by the quantitation with the intravenously injected 
radiolabeled neutrophils. The tachyphylaxis was chem- 
otaxin-specific, i.e., sites initiated with iV-formylme- 
thionylleucylphenylalanine (FMLP) and restimulated 
with FMLP exhibited a reduced number of accumulated 
51 Cr-neutrophils. In contrast, when FMLP-initiated sites 
were restimulated with platelet-activating factor, the 
same numbers of radiolabeled neutrophils accumulated 
as at sites injected for the first time with platelet-acti- 
vating factor. The pathophysiologic role for tachyphy- 
' laxis may be to terminate inflammatory responses and 
to downregulate inflammation to chronically elevated 
(39) or physiologic (17) levels of cytokines. We utilized 
tachyphylaxis experiments to establish a potential role 
for cytokines generated in situ by endotoxin. Tachyphy- 
iw laxis was noted at sites initiated and restimulated with 
9 endotoxin (21) and was observed also with natural IL-1 
< (26) and thereafter with recombinant IL-1 (27, 28a). 
Tachyphylaxis was dose -dependent; the higher the dose 
of the first stimulus, the fewer neutrophils accumulated 
after the reinjection. 

Cross-tachyphylaxis was observed between IL-la and 
IL-1/? and between IL-1 and endotoxin (28a). When 
dermal sites were first stimulated with endotoxin and 
reinjected with IL-1, the response to IL-1 was reduced. 
Diminished neutrophil emigration was also observed 
when the order of endotoxin and IL-1 injections was 
reversed. This likely represents the desensitization of 
tissues to IL-1 generated in response to endotoxin, and 
implicates IL-1 as a potential mediator of endotoxin- 
induced neutrophil emigration. Cross-tachyphylaxis was 
not observed between TNF and endotoxin, suggesting 
that it is not a relevant mediator of neutrophil emigra- 
tion. 

In all these studies, the leukocytes infiltrating the 
dermis were almost exclusively neutrophils (Fig. 3). 

Endotoxin and cytokine-Induuku EnduthELIAl 
Cell Adhesiveness for Leukocytes 
Leukocyte emigration into tissues through the walls of 
postcapillary venules and small veins can be divided into 
3 steps: (a) adhesion of leukocytes to endothelial cells, 
> (b) migration to intercellular junctions and diapedesis, 
(c) emigration through the endothelial basement mem- 
brane and vessel wall into extravascular tissues. An 
important regulatory step in emigration is the adhesion 
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Fig. 3. Dermal inflammatory lesion (18 hours old) induced by the 
injection of 4 Mg IL-1. Almost all the cells infiltrating the perivascular 
tissue are neutrophils. X560. 



of leukocytes to endothelial cells, and is dependent both 
on endothelial and leukocyte mechanisms. Under certain 
physiologic conditions, leukocytes adhere weakly and 
transiently to the endothelium, which results in their 
rolling along venular walls: margination. Under patho- 
logic conditions, particularly inflammation, margination 
is more pronounced until the leukocytes adhere strongly 
and eventually emigrate. 

The advent of endothelial cell culture has led to in 
vitro studies of leukocyte-endothelial cell adhesion and 
elucidation of an endothelial cell-dependent adhesive 
mechanism. Both endotoxin and the cytokines IL-1, 
TNF and lymphotoxin induce endothelial cells to become 
adhesive for leukocytes by a mechanism dependent on 
protein synthesis (11, 37, 41, 103). Similarly, in vivo 
neutrophil emigration induced by endotoxin and IL-1 is 
dependent on protein synthesis, however this is not the 
case with leukocyte chemoattractants (76). A specific 
inducible endothelial cell surface protein designated by 
Gimbrone, Bevilacqua and colleagues as endothelial-leu- 
kocyte adhesion molecule 1 has been identified with two 
monoclonal antibodies: H4/8 (97) and H18/7 (10). It 
mediates, in part, neutrophil adherence to stimulated 
endothelial cells (10, 73). The induction of endothelial- 
leukocyte adhesion molecule 1 is transient, and endothe- 
lial cells become desensitized to restimulation with the 
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same cytokine or endotoxin, when the stimulus has been 
maintained in the culture medium (97, 98). In vivo endo- 
thelial-leukocyte adhesion molecule 1 has been identified 
in delayed type hypersensitivity reactions and in acute 
inflammatory conditions (23). The functional roles of 
other endothelial cell activation antigens (43) remain to 
be determined. 

Leukocyte-dependent mechanisms for adhesion are 
predominantly mediated by a family of cell surface gly- 
coproteins designated "LFA-l/Mac-l/pl50,95" by Sprin- 
ger and co-workers (1,106) and CD11/CD18 by the Third 
International Workshop on Leukocyte Differentiation 
Antigens. These proteins are heterodimers with a distinct 
a-subunit (CDlla-c), noncovalently linked to a common 
/3-subunit (CD18). Recurrent life-threatening bacterial 
infections developed by patients with hereditary defi- 
ciency of CD11/CD18 emphasizes its functional impor- 
tance as reviewed by Anderson and Springer (1). Mono- 
clonal antibodies to CD18 can block neutrophil adhesion 
to cytokine-stimulated endothelial cells (73, 99) and neu- 
trophil emigration in vivo (la). 

ENDOTOXIN-INDUCED MICROVASCULAR 
INJURY AND THROMBOSIS 

As described in the first section on quantitative stud- 
ies, inflammatory reactions induced by E. coli or endo- 
toxin are usually associated with severe injury, mani- 
fested by hemorrhage. It has been known for some time 
that endotoxin can elicit both local and systemic micro- 
vascular alterations, whose pathogenesis is not fully 
understood, and multiple mechanisms have been impli- 
cated (reviewed in Refs. 79, 80, 83). 

Recent observations indicate that, like the neutrophil 
emigration, some of the^ microvascular alterations in- 
duced by endotoxin are mediated by IL-1 and TNF, and 
that neutrophils play a pivotal role in the development 
of the injury. As described in this review, neutrophil 
emigration can be induced by subnanogram quantities of 
endotoxin and both endotoxin and IL-1 are about 1000 
times more potent in this respect than chemotaxins. For 
the elicitation of the classical local Shwartzman reaction, 
microgram quantities of endotoxin have to be injected 
locally ("preparative" injection), followed 18 to 24 hours 
later by an intravenous injection of endotoxin ("chal- 
lenging" injection). The challenging injection of endo- 
toxin could be substituted by a few procedures, but 
particularly by the intravascular activation of comple- 
ment with immune precipitates, zymosan (82), or cobra 
venom factor (84). Rendering rabbits hypocomplemen- 
temic with cobra venom factor prevented the elicitation 
of a Shwartzman reaction when challenged with immune 
complexes or zymosan. However, when the intravenous 
challenge was endotoxin, the decomplementation in- 
duced only partial inhibition, implicating mainly com- 
plement-independent effects Oi t'lic infused endotoxin 
(84). This substitution of endotoxin was more difficult 
with the preparative injection, until it was observed that 
with partially purified macrophage-de rived IL-1 (pre- 
sumably containing TNF) a Shwartzman-like reaction 
could be "prepared" (5, 84). However, when highly puri- 
fied recombinant IL-1 was injected as a preparative dose, 
a thrombo- hemorrhagic Shwartzman-like reaction could 



only be elicited when recombinant TNF was injected 
simultaneously (84, 85). These lesions were quantitated 
with 59 Fe-erythrocytes (hemorrhage) and lll In-platelets 
(thrombosis). Interestingly, sites prepared with endo- 
toxin exhibited more thrombosis, and this was corrobo- 
rated and extended morphologically. In addition to more 
numerous platelets, considerably more fibrin was seen in 
the lesions prepared with endotoxin than in those initi- 
ated with the cytokines. On the other hand, in the 
cytokine-induced lesions the hemorrhage was more in- 
tense. 

These thrombo-hemorrhagic lesions which developed 
after the intravenous challenge, are superimposed on 
changes taking place locally after the preparative intra- 
dermal injections. In this respect, certain in vitro obser- 
vations are important. These studies indicate that the 
endothelium plays an active role in coagulation, both in 
its promotion and inhibition (108). Both IL-1 and TNF 
can stimulate cultured endothelial cells to produce a 
tissue factor (thromboplastin)-like activity (8, 9, 93). By 
inhibiting fibrinolysis, IL-1 may play a role in the fate 
of a thrombus (12, 91). IL-1 and TNF added together to 
the endothelial monolayer were found to be additive with 
respect to induction of procoagulant activity, but in vivo 
with respect to the thrombo-hemorrhagic Shwartzman 
phenomenon they acted synergistically (84, 85). There is 
also in vitro evidence that endotoxin-stimulated endo- 
thelial cells synthesize IL-1 (71, 107). It is thus tempting 
to speculate that in addition to the inflammatory reac- 
tion induced by endotoxin via the cytokines at the injec- 
tion sites, changes may be taking place at these sites 
which promote microthrombosis that develops after the 
intravenous challenge. It has been known for some time 
that intravenous injection, but particularly reinjection of 
endotoxin, leads to intravascular coagulation and con- 
sumption of clotting factors (80, 90). The reason why the 
microthrombi and hemorrhage were confined to the "pre- 
pared" site was the principal unanswered question, since 
the studies of Shwartzman (104). One decade ago innu- 
merable intrinsic mediators were believed to be mediat- 
ing events induced by endotoxin (79). Yet, none of these 
could fully account for its effects. Today we are still a 
long way from understanding the molecular events lead- 
ing to a Shwartzman reaction, but the available evidence 
strongly suggests that IL-1 and TNF are the principal 
intrinsic mediators of this endotoxin -induced reaction. 

Morphologic observations of the "prepared" sites im- 
mediately before intravenous challenge shed some light 
on the nature of these inflammatory lesions induced by 
endotoxin or IL-1 plus TNF, and thereby on the events 
which follow the intravenous challenge. Only when IL-1 
and TNF were coinjected was the cellular infiltration 
comparable to that induced with endotoxin (31, 84, 85). 
Ultrastructurally, with endotoxin or IL-1 plus TNF, se- 
vere ln j"iy of venules and small veins was observed in 
conjunction with varying degrees of degenerative changes 
in neutrophils, both within and around the vessels. In 
these neutrophils granules had frequently fused with the 
cell membrane and were seen free in the lumen or abut- 
ting against endothelial cells. The latter exhibited focal 
or more extensive necrosis and frequently the basement 
membrane or remnants thereof was devoid of an endo- 
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Fig. 4. Example of vessel wall injury. In Figure 4A (light micros- 
copy) the endothelium is delineated by arrowheads. Neutrophils are 
present both in the lumen and perivascularly (inside and outside the 
arrowheads). About l A the vessel is illustrated in the electron micro- 
graph of B. Portions of the venular wall are reproduced in C, D, and E. 
The endothelial cells (END) are necrotic and the pericytes (PER) 
intact but vacuolated {vac). Some basement membrane (BM) sur- 



rounds pericytes, but the subendothelial basement membrane is frag- 
mented or absent (arrows). Fibrin (FIB) is seen in the lumen of B and 
between endothelial cells and pericytes in C and D (inset). Figure 4A, 
X560; B, x 4,125; C, xl2,000; D, x33,900; E, xi2,000. Reproduced from 
Movat et at, Am J Pathol 129:463, 1987, Copyright by the American 
Association of Pathologists, Inc. 
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thelial lining (Fig. 4). At times, the basement membrane 
was missing. Erythrocyte extravasation was associated 
with such changes (Fig. 5). This microvascular injury 
and the associated inflammatory hemorrhage gradually 
subsided. However, when a challenging intravenous in- 
jection of endotoxin, immune precipitates, zymosan, or 
cobra venom factor was administered at this time, mi- 
crothrombi formed and occluded the vessels (Fig. 6). 
They consisted primarily of aggregated leukocytes, 
mostly neutrophils, but contained also aggregates of 
platelets and fibrin and were invariably accompanied by 
very extensive hemorrhage (85). The neutrophils in these 
thrombi also exhibited degenerative changes, but these 
were not seen in the monocytes and occasional lympho- 
cytes. These events could be quantitated with radiola- 
beled cells and proteins. Early kinetic studies demon- 
strated that both thrombosis and hemorrhage developed 
rapidly and subsided 4 to 5 hours after the iv challenge 
(87). 

The mediating role of IL-1 and TNF in the Shwartz- 
man reaction is not fully understood as yet. Our studies 
on neutrophil emigration indicate that the cytokines, but 
particularly IL-1, are responsible for the neutrophil in- 
filtration at the prepared site. The neutrophils are in- 



strumental in the development of severe hemorrhage 
associated with the microvascular injury, because in neu- 
tropenic animals, a positive hemorrhagic reaction cannot 
be elicited (109) and because these cells showed signs of 
lysis and granule release. The only experimental model 
in which quantitatively and qualitatively, a similar vessel 
wall injury could be induced was that in which lysates of 
neutrophil lysosomes were injected intradermally (89). 

There is no evidence in the literature that IL-1 can 
elicit hemorrhage, but TNF has been described to induce 
hemorrhagic necrosis of experimental tumors (101) and 
when massive doses (milligram quantities) were infused 
in rats, it elicited hemorrhage in several organs (114). 
Such quantities of TNF induce synthesis of IL-1 in vitro 
and in vivo (35), whereas stimulation with IL-1 induces 
production of IL-1, both in vivo and in vitro (36, 118). 
By itself even in very high doses, IL-1 was unable to 
"prepare" a site for the elicitation of a Shwartzman-like 
reaction; which was true also of TNF (84, 85). The term 
TNF is used interchangeably with TNF a and it is iden- 
tical to cachectin, a substance implicated as the mediator 
of lethal endotoxin shock (6, 7, 114). By injecting merely 
microgram quantities, but both cytokines into rabbits, a 
synergism was demonstrated between IL-1 and TNF in 




Fig. 5. Example of vessel wall injury. A, Most of the lining endo- 
thelium is missing. In the right third of the illustration, several eryth- 
rocytes {RBC) are in the perivascular tissue or in the process of crossing 
the injured vessel wall (white arrows). Eight neutrophils (PMN) are in 
the interstitium. B, The area between the two black arrows in A. There 



are free primary and secondary neutrophil granules (pr, sec), glycogen 
(gly), and ribosomes (rib) in the lumen, above the remnants of the 
basement membrane (BM). A, x3,900; B, X46,000. Reproduced from 
Movat et a/., Am J Pathol 129:463, 1987, Copyright by the American 
Association of Pathologists, Inc. 




FlG. 6. Shwartzman-like reaction in rabbit skin prepared with in- are numerous venules occluded by microthrombi (small arrowheads). 

tradermal injections of 0.5 Mg of IL-1 and 1 j/g of TNF. Eighteen hours B, The microthrombi are made up mostly of neutrophils (vessel indi- 

after the intradermal injections, iO-£g/kg of endotoxin was adminis- catedby large arrowhead in A). Figure 6A, x35; B y X560. 
tered intravenously and the rabbit sacrificed 15 minutes later. A, There 



the induction of a shock-like state with hemorrhagic 
pulmonary lesions (95). A leukocytopenia and thrombo- 
cytopenia were also observed in the last mentioned study 
and this observation may be important with respect to 
the intravenous challenging injection in the Shwartzman 
reaction. The rapid onset and prolonged leukopenia (pre- 
dominantely neutropenia) observed after endotoxin in- 
fusion (29, 109, 110) or injection of E. coli (27) may well 
be mediated by IL-1, or by TNF or by IL-1 acting 
synergistically with TNF. In keeping with the observa- 
tions of Okusawa et al. (95) on pulmonary changes, when 
51 Cr-neutrophils were present in the circulation when 
endotoxin was injected, a large number of these cells 
were recovered in the lung (29). Furthermore, neutrophils 
were subsequently mobilized from the bone marrow and 
many of these ended up in the lungs (30). While the 
neutropenia after endotoxin or E. coli lasted (depending 
on the dose), from one to severai hours, lv be able to 
elicit a protracted shock-like state with leukopenia, Oku- 
sawa et al. (95) had to follow a bolus (1 Mg) by a contin- 
uous infusion (5 ng/kg/min each of IL-1 and TNF). 
Interestingly, when considerably less IL-1 was adminis- 
tered to rats the cytokine was reported to induce only a 
neutrophilia, whereas TNF induced a neutropenia, fol- 
lowed by two peaks of neutrophilia (the second attributed 



to intrinsic IL-1 production) (117). There is even a 
possibility that the intravenous challenge with comple- 
ment-activating agents may follow a pathway implicating 
IL-1 and TNF, since in vitro C5a and CSa^esArg can 
stimulate blood mononuclear cells to produce IL-1 (94). 
Potential sources of IL-1 and TNF in the blood are 
primarily monocytes, and macrophages of the reticular 
activating system but there is also recent evidence for 
IL-1 production by neutrophils (111, 122). 

INFLAMMATION AND HOST DEFENSE IN 
GRAM-NEGATIVE INFECTION 

With the introduction of antibiotics, Gram-positive 
infections could be readily controlled, but Gram-negative 
bacteria became, during the 1950s, problems difficult to 
deal with, particularly in nosocomial infections (100). 
Antibiotics have only a limited effect on severe Gram- 
negative infections such as pneumonia, bacteremia, and 
septicemia (16, 77). Over a recent 5-year period (1977 to 
1981), the mortality in 1,186 episodes of Gram-negative 
bacteremia was 36.3%, which was no improvement com- 
pared with 1924, i.e., the presulfonamide and preanti- 
biotic period (16). Whereas 70% of nosocomial lung 
infections are attributable to pseudomonas, and 33% to 
other Gram-negative bacteria, only 5% are caused by 
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Gram-positive infections (113). Another negative factor 
is the rapid development of resistance by the bacteria to 
an antibiotic in hospital -associated infections (102). Sep- 
sis caused by Gram-negative bacteria, alone or in asso- 
ciation with other aerobic and anaerobic bacteria, is the 
leading cause of the syndrome of multiple systems organ 
failure (4, 14) and is associated with a mortality of 50 to 
80%. Should shock occur in association with sepsis, the 
mortality rate increases to 85 to 90% (105). 

A number of bacterial properties contribute to their 
virulence, including leukocidins, capsules, adhesins, mo- 
bility, invasiveness, toxins, iron transport, and serum 
resistance (15). The diversity of the disease processes 
due to Gram-negative infection is attributed today 
mostly to a combination of virulence determinants as- 
sociated with each bacterial species. For example, only a 
limited number of E. coli strains are usually associated 
with extraintestinal infections. Urinary tract infections 
are usually hemolytic (46) and are resistant to the bac- 
tericidal action of normal serum (112). One particular 
class of virulence-associated organelles are known as pili 
or fimbriae. These hair-like structures foster bacterial 
adherence to mucosal epithelium via specific receptor- 
ligand interactions (66). Piliation in E. coli permit effi- 
cient colonization of the gastrointestinal or genitourinary 
tracts by enteropathogenic and uropathogenic species 
respectively (78, 116). 

In addition to the above variable factors determining 
virulence of Gram-negative bacteria, they produce var- 
ious exotoxins, such as labile and stable enterotoxins 
(42, 50) and hemolysins (46, 119). However, these micro- 
organisms have one disease-producing factor in common, 
endotoxin. Whereas the exotoxins are produced and re- 
leased during bacterial grpwth, endotoxin is "released" 
by shedding also from dead bacteria. Release of endo- 
toxin is marked during bacterial lysis (32). Endotoxin or 
lipopolysaccharide consists of lipid A, a core polysaccha- 
ride and the O-specific antigen and the biologic activity 
is known to reside in lipid A. The chemistry of endotoxin 
was elucidated primarily by Westphal and associates (for 
reviews see Refs. 40, 120). Endotoxin plays a particularly 
important role in severe and widespread infections, such 
as those associated with sepsis and septicemia, in which 
E. coli is the most frequent causative agent (75). 

Killed E. coli have been shown to shed endotoxin into 
the medium in which they are suspended (51). Not sur- 
prisingly, such bacteria, particularly when deposited in 
large numbers (20 sites at 6 x 10 8 bacteria/site) into the 
dermis, will induce systemic effects attributed to endo- 
toxin, such as fever and neutropenia, followed by neutro- 
philia (27). Both the magnitude and the duration of the 
neutropenia were dose-dependent. In these experiments, 
the number of circulating neutrophils was correlated with 
the infiltration at the site of E. coli injection. Compared 
with earlier observations where multiple injections of 
bacteria were administered over a 24-hour period before 
the quantitation with 5l Cr-neutrophils (69), when 20 
simultaneous intradermal doses of killed E. coli were 
injected, very few neutrophils emigrated 0 to 4 hours 
postinjection (during the neutropenic phase). Instead, 
some influx of neutrophils occurred 6 to 10 hours post- 
injection (during the neutrophilic phase). When another 



set of 20 sites was injected 6 hours after the first set of 
20 injections (during neutrophilic phase), the rabbits had 
become refractory to the development of a neutropenia, 
and a marked accumulation of neutrophils was quanti- 
tated in these lesions at 0 to 4 hours (27). The exact roles 
of various cytokines, and the direct or indirect effects of 
endotoxin on the levels of circulating neutrophils and 
their mobilization from the marrow pool remains to be 
determined. 

Using killed E. coli has the advantage of fixed and 
reproducible stimuli. However, within certain dose limits, 
live E. coli elicit essentially similar inflammatory reac- 
tions as killed bacteria (86). We extended these studies 
with live E. coli, by comparing the magnitude and kinet- 
ics of 5l Cr-neutrophil accumulation with the level of 
circulating neutrophils, the increase in vasopermeability 
( l25 I-albumin), and the recovery of bacterial colony-form- 
ing units (CFUs) in the dermal lesions of several groups 
of rabbits: normals, neutropenic (transient or persistent), 
immunized (active systemic or passive local) (18). Neu- 
trophil emigration and enhanced vasopermeability 
peaked in 2 to 4-hour-old lesions (2 x 10 7 or 2 x 10 s E. 
coli/site). However, it was essential to elicit at least a 
partial refractory state to neutropenia by injecting E. coli 
24 hours before the experiment. This procedure induced 
a transient mild to moderate neutropenia and a subse- 
quent neutrophilia. With high doses (2 x 10 10 E. coli/ 
lesion) a protracted neutropenia developed and no neu- 
trophils were delivered to the stimulated sites. Bacterial 
pour plate colony counts from homogenates of intrader- 
mal sites injected with E. coli, indicated in normal rabbits 
early (1 to 2 hours) bacterial multiplication, followed by 
diminished CFUs at later time points. The decrease in 
CFUs coincided with the peak emigration of neutrophils 
into the dermal sites and light and electron microscopy 
demonstrated phagocytosis of the bacteria by the neutro- 
phils. Animals rendered neutropenic for prolonged pe- 
riods with nitrogen mustard showed a progressive in- 
crease in the numbers of E. coli within the intradermal 
sites, which by 48 hours increased several hundred times 
over controls. Compared with normals, fewer neutrophils 
accumulated and there was less plasma exudation. A 
delayed inflammatory reaction was observed during re- 
covery from neutropenia, as noted already by Issekutz et 
al (59). As in the lesions with 2 x 10 10 E. coli/site, in the 
neutropenic rabbits there was severe dermal necrosis at 
sites injected with 2 x 10 7 E. coli/site. Animals which 
were injected with E. coli at the time when their circu- 
lating neutrophils were recovering from nitrogen mus- 
tard treatment, showed only an early (1 to 4 hour) 
increase in numbers of CFUs, followed by bacterial clear- 
ance. Two interesting observations were made in actively 
immunized animals: no neutropenia developed after the 
first intradermal injections of E. coli, and considerably 
fewer neutrophils accumulated in the dermis, but inter- 
estingly, these were able to cope with bacterial elimina- 
tion in the same manner as normal controls. Fewer 
neutrophils accumulated, also with local passive immu- 
nization, i.e., when anti-£. coli antiserum was deposited 
at the injection site, but without the capacity to prevent 
the development of neutropenia. 

It was concluded that (a) Neutrophil leukocytes play 
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a pivotal role in controlling the growth and spread of E. 
colL (b) In the absence of neutrophils, the bacterial 
replication is unchecked, (c) In actively immunized rab- 
bits fewer neutrophils can control the infection, (imply- 
ing that (i) the cellular defense operates more efficiently 
and (ii) specific antibodies can assist and expedite the 
clearance of bacteria), (d) Passive transfer of antiserum 
locally also potentiates the clearance of microorganisms 
from the site of infection/inflammation, (e) In actively 
immunized animals no transient neutropenia develops 
in the circulation. 

We propose that cytokines and in particular IL-1 are 
the principal mediators responsible for mobilizing neu- 
trophils to the inflammatory site where endotoxin is 
released from Gram-negative bacteria. In immunized 
animals, fewer neutrophils infiltrated the inflammatory 
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Fig. 7. Diagrammatic representation of events which follow entry 
of E. coli into tissues. The bacteria shed endotoxin (LPS) which 
stimulates monocytes and macrophages (locally and system ically) to 
synthesize and release IL-1 and TNFa. By acting on the circulating, 
marginal, and bone marrow pools of neutrophils and their precursors, 
the cytokines induce neutropenia, followed by neutrophilia (also lym- 
phopenia). These events influence the delivery of neutrophils at the 
inflammatory site. Other systemic elrect of the cytokines are eiicilaLicii 
of fever, acute phase proteins and other components of the acute phase 
reaction. Through action on the endothelium, IL-1 and TNFa induce 
neutrophil emigration and accumulation at the site of bacterial multi- 
plication, representing the most important line of defense. IL-1 and 
TNFa of other sources could also induce neutrophil influx. In vitro 
studies indicate that endotoxin could act directly on the endothelium 
to induce synthesis and release of IL-1. The emigrated neutrophils 
release lysosomal enzymes and oxygen radicals by cytolysis, phagocy- 
tosis of the bacteria, and secretion and perhaps by nonphagocytic 
secretion. The severely injured microvessels exhibit increase in vaso- 
permeability, hemorrhage, and thrombosis. 



lesions, presumably due to neutralization of endotoxin 
in the outer wall of the bacteria, leading to less cytokine 
production, and hence less emigration. Diminished emi- 
gration was observed when E. coli or endotoxin were 
treated with antibody or polymyxin B (52). Likewise, 
when we injected E. coli for the first time into actively 
immunized rabbits, no transient neutropenia developed, 
probably because the locally liberated endotoxin was 
bound and this prevented stimulation of IL-1 and TNF 
synthesis and release. In addition to opsonization, anti- 
body may have another effect in Gram-negative infec- 
tion, Le. 9 prevention of a decrease in circulating neutro- 
phils and hence assurance of a constant delivery of 
neutrophils to the infected site. 

Figure 7 illustrates our concept of the inflammatory 
events which follows the entry of Gram-negative bacteria 
into tissues. This diagrammatic presentation disregards 
exotoxins and emphasizes endotoxin and its effects: gen- 
eration of host-derived inflammatory mediators and their 
action locally and systemically. 
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Reciprocal Induction of Tumor Necrosis 
Factor-a and lnterleukin-1p Activity Mediates 
Fibronectin Synthesis in Coronary Artery 
Smooth Muscle Cells 

SILVANA MOLOSSI, NADINE CLAUSELL, and MARLENE RABINOVITCH* 

Division of Cardiovascular Research, Research Institute, The Hospital For Sick Children, 
Toronto, Ontario, Canada, MSG 1X8, and Departments of Pediatrics, Pathology and 
Medicine, University of Toronto, Toronto, Ontario, Canada 

We previously demonstrated an immune-inflammatory response associated with 
increased expression of interleukin (ID- 1 p and fibronectin in graft coronary arteri- 
opathy in piglets following heterotopic heart transplant. Further studies showed 
that increased endogenously produced IL-1 (3 was upregulating fibronectin pro- 
duction by donor coronary artery {CA) smooth muscle cells (SMC). Since co- 
induction of IL-lp and tumor necrosis factor (TNF)-a has been shown in other 
systems, we investigated the possible interaction between these cytokines in 
regulating fibronectin production in CA SMC. First, we documented increased 
TNF-a expression in vivo in donor compared to host CA. Next, synthesis of 
fibronectin was measured in host and donor CA SMC following [ 35 Sl-methionine 
radiolabeling and gelatin-sepharose extraction. As previously shown with IL-1 (3, 
increased donor CA SMC fibronectin synthesis was reduced to host levels in the 
presence of TNF-a antibodies, and exogenous TNF-a upregulated fibronectin 
synthesis in host CA SMC to levels in donor cells. In normal CA SMC, TNF-a- 
stimulated fibronectin production was downregulated to or below control levels in 
the pfe'sence of IL-1 p antibodies. Likewise, IL-1 p-stimulated fibronectin synthesis 
was downregulated to control levels when TNF-a neutralizing antibodies were 
added. Combining TNF-a and IL-1p enhanced fibronectin production over that 
observed with either cytokine alone, but was not additive. Thus, our studies 
suggest that vascular SMC fibronectin synthesis is regulated by reciprocal induc- 
tion of IL-1 p and TNF-a activity and provide the first demonstration of a 'cytokine 
loop' modulating matrix production. © 1995 Wiley-Liss, inc. 



The development of an accelerated form of coronary 
artery intimal thickening has become a major compli- 
cation in patients following cardiac transplantation 
(Gao et al., 1990; Uretsky et al., 1987). This arteriopa- 
thy is associated with an immune-inflammatory re- 
sponse in the vascular wall, suggesting a mechanism 
for neointimal formation whereby recruitment of im- 
mune-reactive cells, and their subsequent release and 
induction of various cytokines and growth factors, re- 
sults in smooth muscle migration and proliferation in 
the subendothelium and accumulation of extracellular 
matrix (Libby et al., 1989; Salomon et al., 1991). Previ- 
ous studies in our laboratory have, in fact, shown that 
the development of graft arteriopathy in piglets follow- 
ing heterotopic heart transplantation is associated with 
the adhesion and transendothelial migration of T cells, 
subendothelial accumulation of fibronectin, and in- 
creased expression of interleukin (IL)-ip in the al- 
lograft coronary arteries (Clausell et al., 1993). In cul- 
tured allograft (donor) coronary artery endothelial and 
smooth muscle cells, we further established that the 
increased synthesis of fibronectin was modulated by 

© 1995 WILEY-LISS, INC. 



increased endogenously produced IL-ip (Clausell and 
Rabinovitch, 1993; Molossi et al, 1993). 

Gene expression of a variety of cytokines has been 
demonstrated in rejecting allografts, and these cyto- 
kines include IL-ip (Fanslow et al., 1991) and tumor 
necrosis factor (TNF)-a (Arbustini et al, 1991; Imag- 
awa et al., 1991). In immunohistochemical studies us- 
ing specimens from human cardiac biopsies, TNF-a was 
shown to be present and appeared to be related to the 
degree of rejection (Arbustini et al., 1991). Tumor ne- 
crosis factor-a is a modulator of extracellular matrix 
synthesis (Kaji et al., 1993; Mauviel et al., 1988; Varani 
et al., 1989) and, recently, our group has described this 
function in the setting of allograft arteriopathy. Using 
a rabbit heterotopic cardiac transplant model, we have 
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shown that neutralizing TNF-a activity by using the 
TNF-a soluble receptor reduced the incidence and se- 
verity of lesions related to the allograft arteriopathy, 
and this was associated with decreased expression of 
fibronectin. Furthermore, there was downregulation of 
the immune-inflammatory response in the allograft 
coronary arteries (Clausell et al., 1994). 

In the setting of intra-grafl reactions, cytokines can 
be expected to function as mediators of cell to cell com- 
munication in the immune-inflammatory reaction 
(Hancock et al., 1991). Indeed, these peptides can inter- 
act in various manners and induce production of other 
cytokines, a process which has been referred to as a 
"cytokine cascade" by several authors (Ford et al., 
199Q), and which could potentially initiate a chain of 
events on the surface of the vessel wall (Na wroth et al., 
1986). Specifically, TNF-a induces IL-1 synthesis 
(Dinarello et al., 1986; Le and Vilcek, 1987; Nawroth et 
al., 1986) by stabilizing IL-1 mENA, a process which 
requires protein kinase C activity (Gorospe et al., 

1993) . It has been further shown that blockade of the 
55-kDa TNF receptor inhibits the TNF-mediated acti- 
vation of the IL-1 transcription factor NF-kB (Kruppa 
et al., 1992). Likewise, IL-1 is known to induce TNF-a 
synthesis (Bethea et al., 1992), and also its own produc- 
tion (Dinarello, 1991; Warner et al., 1987). Both IL-la 
and TNF-a have also been shown to exert synergistic 
effects in mediating cellular functions, i.e., enhancing 
production of myeloid colony-stimulating factors by 
cultured human bone marrow and cloned stromal cells 
(Caldwell and Emerson, 1994). Moreover, TNF-a has 
been shown to enhance fibronectin synthesis in normal 
melanocytes and malignant melanoma cells when in 
combination with gamma interferon (Varani et al., 
1989). An interrelation between the expression of these 
two cytokines was. suggested by our studies in the ex- 
perimental allograft arteriopathy in that TNF-a block- 
ade with TNF-soluble receptor downregulates both 
IL-ip as well as its own expression (Clausell et al., 

1994) . 

Based on the above information, we hypothesized 
that increased TNF-a is associated with the develop- 
ment of graft arteriopathy by inducing increased fi- 
bronectin synthesis via upregulation of IL-1 p. Our 
present studies confirmed that neutralization of TNF-a 
activity in vitro led to downregulation of donor coro- 
nary artery smooth muscle cell fibronectin synthesis, 
whereas stimulation of host (native) cells with exoge- 
nous TNF-a induced progressive increase in fibronectin 
in a dose-response manner. We further demonstrated 
that TNF-a and IL-1 3 are largely interdependent, but 
there may also be some separate effects on their stimu- 
lation of normal coronary artery smooth muscle cell 
fibronectin production given the enhanced synthesis of 
this protein with combined cytokine stimulation. These 
novel in vitro findings suggest that a reciprocal induc- 
tion of the activity of these cytokines regulates fi- 
bronectin production in inflammatory states, specifi- 
cally related to smooth muscle cell migration and 
neointimal formation in blood vessels. 

MATERIALS AND METHODS 
Experimental animal model 

The experimental protocol used was approved by the 
Animal Care Committee of The Hospital for Sick Chil- 



dren, Toronto. The animal model has been previously 
described in detail (Clausell et al., 1993; Clausell and 
Rabinovitch, 1993). Briefly, it consisted of a heterotopic 
cardiac transplant performed in outbred piglets be- 
tween 8 and 12 weeks of age and approximately 20 kg 
in weight. Both host and donor piglets were purchased 
from different farms, favouring human leukocyte anti- 
gen (HLA)-mismatch. The animals received penicil- 
lin-G (150,000 units IM) and standard post-operative 
care in compliance with the Principles of Laboratory 
Animal Care formulated by the Canadian National So- 
ciety of Medical Research. The piglets received immu- 
nosuppressive therapy with sub-therapeutic dose of Cy- 
closporin A (CsA) (Sandimune, Sandoz, East Hanover, 
NJ) (10 mg/kg/day for 5 days). All piglets had electro- 
cardiographic monitoring performed daily by telemet- 
ric assessment (Pacesetter Electrocardiogram, Syalam, 
CA) to identify signs of progressive rejection as previ- 
ously described (Koike et al., 1988). Experimental ani- 
mals were studied at 10 days after transplantation 
since there was light and electron microscopic evidence 
consistent with the post-cardiac transplant coronary 
arteriopathy as previously described (Clausell et al., 
1993). Myocardial rejection grades II and III were ob- 
served in the transplanted hearts at the time of the 
sacrifice (Clausell et al, 1993). 

For experiments in which normal porcine coronary 
artery tissue from non-transplanted piglets was used, 
hearts were obtained from animals used in experimen- 
tal procedures not involving the cardiopulmonary sys- 
tem in the Animal Facility Laboratory at the Hospital 
For Sick Children, Toronto. These piglets were matched 
in age and weight to those used in the transplant pro- 
cedures. 

Harvest of coronary artery tissue and 
propagation of smooth muscle cells 

Coronary artery segments, approximately 1 cm from 
the origin at the aorta and 4 cm in length, were re- 
moved either from both the host and the donor hearts 
following heterotopic transplant or from normal non- 
transplant piglet hearts and rinsed in D-PBS (Gibco, 
Burlington, ON) with 3% antibiotics/antimycotics 
(Gibco). The most distal 1 cm of these segments was 
fixed for light and electron microscopy (0.5 cm, respec- 
tively) to analyze structural changes previously de- 
scribed (Clausell et al, 1993) and to perform immuno- 
histochemical studies. The proximal 3 cm of the 
coronary arteries were used for harvest and culture of 
cells. 

After removing the endothelium, explants from the 
media were used to propagate the smooth muscle cells 
(Ross, 1971) used in the present studies. The cells were 
cultivated in medium 199 with 25 mM HEPES buffer 
and glutamine (Gibco) and 1% antibiotics/antimycotics 
(Gibco) and 10% fetal bovine serum (FBS) (Intereren. 
New York, NY). Cells were passaged 1:2 non-enzymat- 
ically into 25 ml flasks and all experiments were car- 
ried out using cells at passages 2 and 3. Only cells with 
the "hills and valleys" phenotype on phase contrast 
light microscopy (Nikon Diaphot, Nikon, Mississauga, 
ON) were considered smooth muscle cells and were fur- 
ther positively identified by immunofluorescence using 
monoclonal antibodies specific to smooth muscle actin 
(Enzo, New York, NY) (Gown et al., 1986). 
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Immunohistochemical studies of TNF-a in host 
and donor coronary arteries 

Immunoperoxidase staining to determine TNF-a ex- 
pression in host and donor coronary arteries was per- 
formed using fresh frozen sections. The specimens were 
dried at room temperature for 1 hr and fixed for 20 min 
in acetone, followed by immersion in 1% hydrogen per- 
oxide solution in methanol to block endogenous peroxi- 
dase activity. After a non-specific blocking step with 
10% normal goat serum (Sigma, St. Louis, MO), the 
sections were incubated overnight at 4°C with a mono- 
clonal anti-rabbit TNF-a antibody (IgG^ubtype in as- 
cites fluid, a kind gift from Dr. Hideo Nariuchi, Univer- 
sity of Tokyo, Japan) in a 1:100 dilution. The sections 
were then rinsed and incubated for 45 min at room 
temperature with a 1:50 dilution of a goat anti-mouse 
peroxidase conjugated antibody (Bio-Rad, Richmond, 
CA), washed in PBS, and developed with diaminobenzi- 
dine (DAB) (Sigma). 

Synthesis of fibronectin 

To determine synthesis of fibronectin, confluent 
smooth muscle cells had culture medium replaced with 
2 ml serum-free medium (SFM) to which 20 ^Ci/ml of 
[ 35 S]-methionine (Amersham, Oakville, ON) was added 
for 24 hr. After this period, the culture medium was 
removed and saved in the presence of protease inhibi- 
tors (2 mM phenylmethylsuifonyl fluoride (PMSF) 
(Kodak, Rochester, NY), 10 mM N-ethylmaleamide 
(Sigma), and 10 mM EDTA (Sigma). The cell layers 
were removed and saved in D-PBS (Gibco) and stored at 
70°C. To extract fibronectin, 400 yA aliquots of medium 
and cells were applied to a gelatin 4B-Sepharose (Phar- 
macia, Uppsala, Sweden) micro-column (Wrana et al., 
1988). After washing the micro-column with a high-salt 
buffer, the fibronectin retained was eluted by boiling 
the samples for 5 min in 200 yA sodium dodecyl sulfate 
(SDS)-sample buffer and resolved on 5% SDS-polyacryl- 
amide gel electrophoresis (PAGE) under reducing con- 
ditions. The gels were prepared for autoradiography 
and for quantitative analysis by treatment with 
En 3 Hance (DuPont, Boston, MA) for 1 hr, rinsed in 
water for 30 min, dried on a Bio-Rad Model 443 slab 
dryer (Bio-Rad), and exposed to Kodak X-OMAT AT-5 
film for 4 days at -70°C. Using the autoradiograph as a 
template, the doublet 220-kDa band corresponding to 
fibronectin was cut and radioactivity determined by 
liquid scintillation spectrometry. Fibronectin isolated 
by affinity chromatography on gelatin-Sepharose con- 
stituted the majority (>95%) present in the aliquot of 
medium passed through the micro-column, as judged by 
scintillation counting and the absence of an autoradio- 
graphically detectable band at 220 kDa molecular 
weight when the column flow-through and washes 
were collected and run on 5% SDS-PAGE under reduc- 
ing conditions. Positive determination of this band as 
fibronectin was previously confirmed in our laboratory 
by western immunoblot (Boudreau and Rabinovitch, 
1991) and negative blots were seen on SDS-PAGE fol- 
lowing re-constitution of the flow-through and washes. 
Furthermore, a minor band migrating at 70 kDa molec- 
ular w ight was observed, which represented gelati- 
nase and demonstrated the effectiveness of this affinity 
chromatography procedure as described previously 
(Wrana et al., 1988). In all experiments, due to variabil- 



ity of cellular response and radioactivity half-life, the 
effect of either stimulation or inhibition of fibronectin 
synthesis was compared to baseline levels. 

Experiments using exogenous IL-ip and TNF-a 

At confluence, normal coronary artery smooth mus- 
cle cells had the culture medium replaced with fresh 
serum-free medium (2 ml) and were labeled with [ 35 S]- 
methionine (20 fxCi/ml) (Amersham). This was followed 
by a 24 hr incubation period at 37°C in the presence of 
either increasing doses of recombinant human IL-ip 
(Upjohn, Kalamazoo, MI), ranging from 0.5 to 100 ng/ 
ml, or recombinant human TNF-a (R&D Systems, Min- 
neapolis, MN), in doses ranging from 0.05 to 10 ng/ml. 
Control samples were also treated with normal rabbit 
IgG at doses of 10 and 100 ng/ml, since further experi- 
ments using neutralizing antibodies require a normal 
immunoglobulin as the appropriate control (Mathison 
et al., 1988; Piguet et al., 1992). 

Experiments neutralizing TNF-a activity 

Smooth muscle cells at confluence were washed and 
incubated in serum free medium (2ml), and the cells 
were labeled with [ 35 S]-methionine (20 fiCi/ml) (Amer- 
sham) and incubated at 37°C for 24 hr in the presence of 
neutralizing TNF-a antibodies (monoclonal mouse 
anti-human IgG) (R&D Systems). In the experiments 
using host and donor coronary artery smooth muscle 
cells from the animals submitted to cardiac transplan- 
tation, TNF-a antibodies (goat anti-human IgG) (R&D 
Systems) were used in increasing doses ranging from 
0.05 to 1 (xg/ml and the control had normal rabbit IgG 
(Dako) added at a concentration of 10 ng/ml. In the 
experiments using normal coronary artery smooth 
muscle cells, TNF-a antibodies (R&D Systems) were 
used in doses of 0.05 and 0.5 p-g/ml since these dosages 
were shown to decrease fibronectin production in the 
presence of either control rabbit IgG (10 ng/ml) (Dako, 
Glostrup, Denmark) or exogenous TNF-a (R&D Sys- 
tems) in doses of 5 and 10 ng/ml. These same doses of 
TNF-a antibodies (R&D Systems) were also used in the 
presence of exogenous IL-ip (Upjohn) at a dose of 100 
ng/ml. The concentration range of exogenous TNF-a 
(R&D Systems) and IL-ip (Upjohn) was chosen after 
pilot studies showed an effect in upregulating fibronec- 
tin synthesis from control (IgG) levels. 

Experiments neutralizing IL-ip activity 

To neutralize porcine IL-ip activity in normal coro- 
nary artery smooth muscle cells, rabbit anti-porcine 
IL-ip antisera (a kind gift from Dr. J. Saklatvala, 
AFRC Babraham Institute, Cambridge, England) was 
used at a dilution of 1:50 (Saklatvala et al., 1985; 
Clausell and Rabinovitch, 1993), in the presence of ei- 
ther control rabbit IgG (Dako) (10 ng/ml) or exogenous 
IL-lp or TNF-a (R&D Systems). Interleukin-ip (Up- 
john) was added at a dose of 100 ng/ml and TNF-a (R&D 
Systems) at the doses of 5 and 10 ng/ml. The doses were 
chosen according to our previous studies in which neu- 
tralization of cytokine activity or stimulation of fibro- 
nectin in vascular cells was shown. 

Experiments assessing synergism between 
IL-lp and TNF-a 

At confluence, normal coronary artery smooth mus- 
cle cells had the culture medium replaced with fresh 
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Fig. 1. Representative photomicrographs of immunoperoxidase 
staining for TNF-a in host (A) and donor (B and C) porcine coronary 
arteries from a piglet 10 days following cardiac transplantation. A 
basal level of expression of TNF-a is observed in the host coronary 
artery along the endothelial surface (A), whereas stronger immuno- 
staining is appreciated in donor vessels on the endothelium (B and C) 



and also in the medial layer of some allograft coronary arteries (C). 
The increased expression of TNF-a may be due to endogenous produc- 
tion by both endothelial and smooth muscle cells, and also by immune- 
inflammatory cells seen attached to the endothelial surface (C). Orig- 
inal magnification 100 x. 



serum-free medium (2 ml) and were labeled with [ 35 S]- 
methionine (20 ^Ci/ml) (Amersham). This was followed 
by a 24 hr incubation period at 37°C in the presence of 
either recombinanUiuman IL-10 (Upjohn), at a dose of 
100 ng/ml, or rec6mbinant human TNF-a (R&D Sys- 
tems), at doses of 5 and 10 ng/ml, or both cytokines 
together at the specified doses. Control samples were 
either non-treated or treated with normal rabbit IgG 
(Dako) at doses of 10 and 100 ng/ml. As well, we carried 
out experiments in which we added normal rabbit IgG 
to samples treated with cytokines either alone or in 
combination, in order to rule out a possible effect of IgG 
on the net production of fibronectin in the presence of 
exogenous stimulation. 

DNA standardization 

All values related to fibronectin synthesis were stan- 
dardized by determining DNA content as previously 
described (Le Pecq, 1971) and results are expressed as 
cpm/100 ng DNA. Briefly, duplicates of 100 p,l aliquot 
cell suspension were removed and added to a mixture of 
300 mJ of Tris buffer (100 mM NaCl (Sigma), 10 mM 
Trizma pH 8.0 (Sigma), adjusted to pH 7.0), and 140 \x\ 
of 40% TCA. Following an incubation at 4°C for 15 min, 
the samples were centrifuged at 3,250 rpm for 10 min at 

TNE buffer r [100 mM Tris baseTsigmal, 10 mM^EDTA 
(Sigma), 1 M NaCl (BDH, Toronto, ON), adjusted to pH 
7.4]. Measurement of DNA binding to the fluorescence 
dye ethidium bromide (0.1% in 1 x TNE buffer) (Sigma) 
was d termined by spectrophotometry (Hitachi, F-400 
Fluor scent Spectrophotometer). Values were stan- 
dardized using calf thymus DNA (Sigma). 



Statistical analysis 

Data are expressed as mean ± SE in the Results and 
in the figure legends. The number of different experi- 
ments (cell harvests) used in each analysis is also indi- 
cated. In analyses related to values for fibronectin syn- 
thesis in normal coronary artery smooth muscle cells, 
one way analysis of variance (ANOVA) with post-hoc 
paired sub-group testing by Duncan's multiple range 
analysis was performed, taking into account P value 
correction for multiple comparisons. The differences 
were considered statistically significant at P < 0.05. In 
the first experiment comparing host and/or donor 
smooth muscle cells, the data represent the mean value 
of two different animals. 

RESULTS 
Localization of TNF-a in allograft 
coronary arteries 

Since we had previously demonstrated increased ex- 
pression of IL-1(§ in piglet donor coronary arteries and 
of both IL-ip and TNF-a in rabbit donor coronary arter- 
ies, we carried out immunohistochemical studies to 
confirm that TNF-a expression was also a feature of the 
arteriopathy in piglets. In vivo expression of TNF-a 
was examined in host and donor coronary arteries from 
rune uUiereiii; piglets luiluwiiig cardiac transplanta- 
tion. Strong positive immunoperoxidase staining was 
evident in all donor coronary arteries compared to host 
vessels, where only faint staining along the endothelial 
surface could be seen (Fig. 1A). In all donor coronary 
arteries, intense immunostainig was appreciated in as- 
sociation with endothelial cells (arrows) (Fig. IB), and 
also in areas where inflammatory cells (arrows) were 
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seen attached to the endothelium (Fig. 1C). Positive 
staining was also seen in the inner medial layers of 
some donor vessels (Fig. 1C). These coronary arteries 
had been previously characterized as showing positive 
immunostaining for inflammatory cells, IL-10, and fi- 
bronectin in these locations (Clausell et al., 1993). 

Regulation of fibronectin synthesis in allograft 
coronary artery smooth muscle cells by TNF-a 

Having demonstrated increased expression of TNF-a 
in donor piglet coronary arteries and having shown 
that blocking this cytokine in a rabbit allograft model 
decreased expression of fibronectin, we carried out fur- 
ther in vitro studies to determine whether endogenous 
TNF-a might be mediating enhanced fibronectin pro- 
duction. Host and donor coronary artery smooth muscle 
cells from two different piglets (from which tissue was 
available for culture of smooth muscle 1 cells) were ex- 
posed to increasing doses, from 0.05 to 1 jxg/ml, of neu- 
tralizing TNF-a antibodies and fibronectin synthesis 
was assessed. Fibronectin levels in donor coronary ar- 
tery smooth muscle cells were approximately 3.5-fold 
higher than levels observed, in host cells, in keeping 
with our previous studies (Clausell and Rabinovitch, 
1993). In this experiment, we observed a decrease in 
donor smooth muscle cell fibronectin synthesis with 
increasing doses of TNF-a neutralizing antibodies (Fig. 
2A). Values were similar to those of the host cells, 
where fibronectin synthesis did not appear to be influ- 
enced by neutralizing TNF-a activity. 

We next addressed the effect of exogenous TNF-a in 
upregulating fibronectin synthesis in host coronary ar- 
tery smooth muscle cells. We incubated host cells with 
increasing doses of recombinant human TNF-a, rang- 
ing from 0.05 to 5 ng/ml, -Sind assessed fibronectin syn- 
thesis. We observed, at concentrations of 1 and 5 ng/ml 
TNF-a, an increase in fibronectin synthesis in the cells 
harvested from both piglets studied and the graph (Fig. 
2B) depicts mean values. Exogenous TNF-a did not fur- 
ther increase fibronectin synthesis in donor cells (data 
not shown), suggesting perhaps that maximum fi- 
bronectin production had been already achieved in 
these vascular cells. 

Upregulation of fibronectin synthesis by TNF-a 
and XL- 1(3 in normal coronary artery smooth 
muscle cells 

Since TNF-a can induce IL-10 and IL-10 can induce 
TNF-a, and inasmuch as both cytokines were expressed 
in increased concentration and shown to modulate fi- 
bronectin synthesis in the allograft coronary arteries 
(Clausell et al., 1993, 1994), we investigated their po- 
tential reciprocal interaction in mediating fibronectin 
synthesis in vascular smooth muscle cells. In these ex- 
periments, for reasons of availability, we used normal 
coronary artery smooth muscle cells. We confirmed in 
nine different experiments, the effect of increasing 
doses of exogenous TNF-a, ranging from 0.05 to 10 ng/ 
ml, on the production of fibronectin by normal coronary 
artery smooth muscle cells in vitro. A statistically sig- 
nificant 50-70% increase in fibronectin synthesis was 
observed with TNF-a at high doses (5 and 10 ng/ml) 
(P < 0.05) compared to control (IgG) levels (Fig. 3). 
Although fibronectin synthesis was not increased to 
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Fig. 2. Fibronectin synthesis in coronary artery smooth muscle cells 
from transplanted piglets. (A) Effect of neutralization with TNF-a 
antibodies on steady state levels of fibronectin. After labeling coro- 
nary artery smooth muscle cells with [ 35 S]- methionine for 24 hr, in the 
presence of increasing doses of neutralizing TNF-a antibody a progres- 
sive decrease in donor coronary artery smooth muscle cell fibronectin 
synthesis to the level of the host is observed in a dose-response man- 
ner. The host cell fibronectin synthesis did not appear to be influenced 
by the neutralizing antibody. Values depicted in the graph represent 
the mean value for fibronectin synthesis in cells from two different 
experimental animals. (B) Representative dose-response curve of host 
coronary artery smooth muscle cell fibronectin synthesis to increasing 
doses of human recombinant TNF-a. After labeling the cells with 
[ 35 Sl-methionine for 24 hr in the presence of increasing doses of exoge- 
nous TNF-a, a progressive increase at the doses of 1 and 5 ng/ml in 
host coronary artery smooth muscle cell fibronectin synthesis recov- 
ered in the cell culture medium was observed. Values depicted in the 
graph represent the mean value for fibronectin synthesis in cells from 
two different experimental animals. . 



the level observed in host cells in the presence of even a 
smaller dose ot TJNr^-a (5 ng/mi) (r ig. 2n), we did see 
consistent upregulation of fibronectin production in 
normal coronary artery smooth muscle cells at 5 and 10 
ng/ml doses of TNF-a. 

Likewise, in six different experiments, recombinant 
human IL-13 was added to normal coronary artery 
smooth muscle cells in vitro at doses ranging from 0.5 
to 100 ng/ml, and fibronectin synthesis was assessed. 
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Fig. 3. Dose-response curve of normal coronary artery smooth mus- 
cle cell fibronectin synthesis to increasing doses of exogenous TNF-a. 
After labeling the cells with [ 35 S]- methionine for 24 hr in the presence 
of increasing doses of exogenous TNF-a, an increase in fibronectin 
synthesis recovered in the cell medium, relative to the control IgG- 
treated sample, was observed. Fibronectin levels were enhanced by 50 
to 70% at high doses, i.e., 5 and 10 ng/ml (P < 0.05). Values depicted in 
the graph represent mean values ± SE from nine different experi- 
ments. 
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Fig. 4. Dose-response curve of normal coronary artery smooth mus- 
cle cell fibronectin synthesis to increasing doses of exogenous IL-lp. 
Following cell labeling with [ 35 S]-methionine for 24 hr in the presence 
of increasing doses of exogenous IL-1[J, an increase in fibronectin 
synthesis recovered in the cell medium, relative to the control IgG- 
treated sample, was observed. Fibronectin levels were significantly 
enhanced by 50% at high concentrations of IL-lp, i.e., 20 and 100 ng/ 
ml {P < 0.05). Values depicted in the graph represent mean values ± 
SE from six different experiments. 



Fibronectin production in this system was significantly 
increased by 50% from control (IgG) values and low 
doses (0.5 and 1.0 ng/ml) of IL-10 compared to high 
uuses \£M ami iuu ug/mi/ ui iu-xp \r ^ yi ig. 

Effect of TNF-a and IL-10 neutralizing 
antibodies on normal coronary artery smooth 
muscle cell fibronectin synthesis 

To confirm the specific effects of both TNF-a and 
IL-10 in increasing fibronectin synthesis, we designed 
experiments blocking their respective activities and as- 
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Fig. 5. Effect of TNF-a neutralizing antibodies on fibronectin levels 
in TNF-a-stimulated normal coronary artery smooth muscle cells. 
Neutralization of TNF-a activity by TNF-a antibodies decreased the 
upregulated levels of fibronectin in coronary artery smooth muscle 
cells to control (IgG) values. A dose of 0.05 p-g/ml of TNF-a antibodies 
(Ab) showed a trend in downregulating fibronectin in the presence of 5 
ng/ml of exogenous TNF-a CP < 0.1), while a dose of 0.5 M-g/ml had a 
significant effect (P < 0.05). Nevertheless, TNF-a antibodies at both 
doses of 0.05 and 0.5 jig/ml significantly decreased fibronectin levels 
in the presence of 10 ng/ml of exogenous TNF-a CP < 0.05). Values 
depicted in the graph represent mean values ± SE from six different 
experiments. 



sessed whether fibronectin levels were diminished to 
control (IgG) levels. First, we determined the effect of 
neutralizing TNF-a antibodies, at doses of 0.05 and 0.5 
jig/ml, on the upregulation of fibronectin synthesis in 
the presence of exogenous TNF-a, at. doses of 5 and 10 
ng/ml (n = six experiments). Neutralization of TNF-a 
activity at a dose of 5 ng/ml with TNF-a antibodies at 
a dose of 0.5 fxg/ml decreased the upregulation of 
fibronectin to control (IgG) levels (P < 0.05), and 
there was a trend with TNF-a antibodies at a dose of 
0.05 jxg/ml (P < 0.1). At a dose of 10 ng/ml, exogenous 
TNF-a upregulation of fibronectin synthesis was also 
significantly reduced to control (IgG) levels at both 0.05 
and 0.5 fxg/ml (P < 0.05) concentrations of TNF-a anti- 
bodies (Fig. 5). Similarly, neutralization of 100 ng/ml 
exogenous IL-10 with IL-10 antibodies at a 1:50 dilu- 
tion significantly downregulated the increase in fi- 
bronectin levels (P < 0.05) to control (IgG) values (Fig. 
6) (n = four experiments). 

Exogenous TNF-a upregulation of normal 
coronary artery smooth muscle cell fibronectin 
synthesis via IL-10 

Since TNF-a is known to induce IL-10 synthesis in 
many cell types, we addressed the possibility that 
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Normal coronary artery smooth muscle cell fibronectin 
synthesis was assessed following stimulation with ex- 
ogenous TNF-a at doses of 5 and 10 ng/ml, but in the 
presence of IL-10 antibodies. Indeed, TNF-a stimula- 
tion of smooth muscle cell fibronectin production at 
doses of 5 and 10 ng/ml was abrogated by a 1:50 concen- 
tration of IL-10 antibodies (P < 0.05) (n = three exper- 



TNF-a and IL-10 MEDIATES FIBRONECTIN SYNTHESIS 



25 



t P<0.05 



B 30 



* p<0.05 t P<0.05 




Exogenous IL1Q (100 ng/ml) 



Fig. 6. Effect of ILrlfJ neutralizing antibodies on fibronectin levels in 
IL-lp-stimulated normal coronary artery smooth muscle cells. Neu- 
tralization of IL-lp activity by IL-lp antibodies (Ab) decreased the 
upregulated levels of fibronectin in coronary artery smooth muscle 
cells. Enhanced levels of fibronectin observed with exogenous IL-1(J at 
the dose of 100 ng/ml (P < 0.05) were decreased to control (IgG) levels 
in the presence of IL-ip antibodies at a 1:50 dilution (P < 0.05). Values 
depicted in the graph represent mean values ± SE from four different 
experiments. 
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Fig. 7. Effect of ILrip antibodies on TNF-a-stimulated synthesis of 
fibronectin. The exogenous TNF-a increase in fibronectin levels com- 
pared to control (P < 0.05), at concentrations of 5 and 10 ng/ml, was 
downregulated when IL-1(J antibodies (Ab) were added at a dilution of 
1:50 {P < 0.05, respectively). Notably, fibronectin production de- 
creased to below control (IgG) levels in the presence of IL-lp antibod- 
ies trended toward significance (P < 0.1). Values depicted in the graph 
represent mean values ± SE from three different experiments. 



iments) (Fig. 7). A similar response to TNF-a-stimu- 
lated fibronectin synthesis in the presence of IL-ip 
antibodies was observed in host coronary artery smooth 

mucdc sq!!^ ( ddtd not Shown). Tnt.orpfit.ingl v. reduction 

of fibronectin synthesis by IL-ip antibodies below con- 
trol (IgG) levels trended toward significance (P < 0.1). 

Exogenous IL-ip upregulation of normal 
coronary artery smooth muscle cell fibronectin 
synthesis via TNF-a 

Having established that exogenous TNF-a increases 
fibronectin synthesis by an effect which appears to be 
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Fig. 8. IL- 10-stimulated fibronectin synthesis in the presence of neu- 
tralizing TNF-a antibodies. Interleukin-1{3 at a concentration of 100 
ng/ml simulated fibronectin, but this effect was abrogated in the pres- 
ence of neutralizing antibodies (Ab) to TNF-a in concentrations of 0.05 
and 0.5 p.g/ml {P < 0.05), lowering fibronectin production to control 
(IgG) values. Values depicted in the graph represent mean values ± 
SE from six different experiments. 



mediated by IL-ip, we next investigated whether there 
could also be a reciprocal upregulation of fibronectin 
synthesis by IL-ip via TNF-a. We, thus, determined 
the effect of neutralizing TNF-a antibodies on IL-ip* 
induced smooth muscle cell fibronectin production. In 
fact, IL-ip stimulation of fibronectin synthesis, at a 
dose of 100 ng/ml, could be abrogated with TNF-a anti- 
bodies at doses of 0.05 and 0.5 ^g/ml (P < 0.05) (n = six 
experiments) (Fig. 8). This downregulation to control 
(IgG) levels differs from previous studies in which TNF- 
a-stimulated fibronectin synthesis was reduced by 
IL-ip antibodies to below control (IgG) levels. 

Effect of fibronectin synthesis induced by both 
IL-ip and TNF-a in normal coronary artery 
smooth muscle cells 

Since IL-ip and TNF-a were previously shown to 
have synergistic effect in stimulating specific cellular 
functions (Caldwell and Emerson, 1994; Varani et al., 
1989) and since they individually upregulated fibronec- 
tin production in coronary artery smooth muscle cells, 
we investigated a potential synergism of these cyto- 
kines in our system. Hence, we measured fibronectin 
synthesis in the presence of high dose for both cyto- 
kines, i.e. IL-lp (100 ng/ml) and TNF-a (5 and 10 ng/ 
ml), which were proven to be the most effective in our 
system. Indeed, we observed a three to fourfold increase 
in fibronectin levels compared to control (P < 0.05), and 
a 30 to 50% increase compared to fibronectinlevels 
with either IL-10 or TNF-a alone W < U.UoJ {tig. 9) 
(n = three experiments). These studies were performed 
with control IgG added to all samples in the presence of 
exogenous cytokines, in order to rule out a possible 
effect that our control immunoglobulin could have in 
the net synthesis of fibronectin. Absolute values were 
essentially the same in the absence of IgG in all sam- 
ples treated with either cytokine alone or in combina- 
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* p<0.05 




Control IL-1B (100 ng/ml) 



Fig. 9. Synergistic effect of both IL-10 and TNF-a in the synthesis of 
fibronectin. The combination of both IL-lp, at a dose of 100 ng/ml, and 
TNF-a, at doses of 5 and 10 ng/ml, caused a 30 to 50% increase in 
fibronectin levels compared to either cytokine alone (P < 0.05), which 
also had a stimulatory effect on fibronectin production from basal 
levels (control: no treatment (no IgG), normal rabbit IgG (10 and 100 
ng/ml) (P < 0.05). Normal rabbit IgG was added to the cytokine- 
treated samples, at the concentration of 10 ng/ml for IL-lp-treated 
samples and 10 ng/ml for TNF-a-treated samples. The values depicted 
in the graph are essentially similar to those observed when control 
IgG was not added to the cytokine-treated samples, either alone or in 
combination (data not shown). Values are representative of three dif- 
ferent experiments. 



tion (data not shownf. Additional control samples with 
IgG were compared with samples which were not 
treated and the values were fundamentally the same 
(Fig. 9), in keeping with previous experiments per- 
formed in our laboratory. 

DISCUSSION 

In the current study, we have demonstrated, for the 
first time, a reciprocal interrelation between IL-ip and 
TNF-a in modulating fibronectin, a major extracellular 
matrix protein and component of the basement mem- 
brane. Our studies using an allograft cardiac trans- 
plant model further confirmed an association between 
increased donor coronary artery smooth muscle cell fi- 
bronectin synthesis and co-induction of cytokine activ- 
ity in the development of graft arteriopathy. Tumor 
necrosis factor-a appears to have the same modulatory 
influence on fibronectin synthesis previously shown 
with IL-ip. The increase in donor coronary artery 
smooth muscle cell fibronectin synthesis is neutralized 
by TNF-a antibodies and host coronary artery smooth 
muscle cell fibronectin synthesis can be induced by ex- 
ogenous TNF-a. Moreover, there is an interdependence 
between exogenous IL-ip and TNF-a upregulation of 
fibronectin synthesis in normal coronary artery smooth 
muscle cells. Interleukin-lp antibodies prevent TNF-a 
stimulation of fibronectin, downregulating fibronectin 
below control levels, and TNF-a antibodies decrease 
the upregulation of fibronectin synthesis induced by 
IL-ip. In addition, both cytokines exert a greater, al- 



though not additive, effect in enhancing fibronectin 
levels when compared to either cytokine alone. These 
findings support their interdependence and an IL-lp- 
TNF-a Cytokine loop* involved in the upregulation of 
synthesis of the extracellular matrix protein fibronec- 
tin and is likely of pathophysiologic significance in the 
neointimal formation seen in graft arteriopathy. The 
latter is corroborated by studies in which TNF-a block- 
ade reduced IL-ip expression and the development of 
graft arteriopathy in rabbits following heterotopic car- 
diac transplantation (Clausell et al., 1994). 

Our initial in vivo studies using coronary arteries 
from piglets following cardiac transplantation revealed 
the presence of an immune-inflammatory reaction in 
the vessel wall characterized by positive immunostain- 
ing for inflammatory cells, expression of MHC II anti- 
gens and accumulation of IL-lp (Clausell et al., 1993). 
We have, in this study, specifically addressed the ex- 
pression of TNF-a in the allograft coronary arteries and 
we were able to show increased immunostaining in do- 
nor vessels compared to host vessels. The intense im- 
munostaining in donor vessels was observed on endo- 
thelial cells with or without inflammatory cells 
attached to the endothelium, and also in smooth muscle 
cells. The presence of TNF-a has also been demon- 
strated in different organ transplants both at the pro- 
tein and mRNA levels (Krams et al., 1992; Noronha et 
al., 1992; Vandenbroeke et al., 1991). In fact, in biopsy 
specimens from human cardiac transplants, TNF-a was 
detected by immunohistochemistry, and its expression 
appeared to be related to the degree of myocardial rejec- 
tion as it was closely associated with the number of 
infiltrating inflammatory cells (Arbustini et al., 1991). 
Also, high circulating levels of TNF-a have been corre- 
lated with poor outcome of patients following liver 
transplantation (Imagawa et al., 1990). 

While Mauviel and colleagues (1988) reported down- 
regulation of fibronectin by TNF-a in human fibro- 
blats, other studies demonstrated that this cytokine 
upregulates fibronectin synthesis in normal melano- 
cytes and malignant melanoma cells (Varani et al., 
1989). This latter study suggested a different cytokine 
interaction by showing induction of fibronectin by 
TNF-a following addition of IFN-7 (Varani et al., 1989). 
The differences in these studies could be attributed to 
the cell types studied, and the experimental conditions. 
There may also be upregulation of TNF-a by fibro- 
nectin as demonstrated, recently, in studies where 
macrophages and CD4 + T cells plated on fibronect- 
in enriched matrices induced synthesis of TNF-a 
(Hershkoviz et al., 1993). 

In our study, we have related smooth muscle cell 
fibronectin synthesis to an IL-ip-TNF-a 'cytokine loop' 
in the setting of allograft arteriopathy. We have previ- 
ously described the effects of IL-ip on host and donor 
coronary artery smooth muscle cell fibronectin synthe- 
sis, and this appeared to be associated with increased 
endogenously synthesized IL-ip by smooth muscle cells 
(Clausell and Rabinovitch, 1993). These experiments 
have shown, however, that TNF-a also has a similar 
effect on donor smooth muscle cells likely due to in- 
creased endogenous production of this cytokine, as 
demonstrated in donor coronary arteries in vivo. Down- 
regulation of donor fibronectin levels were observed 
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when TNF-a neutralizing antibodies were used, bring- 
ing fibronectin synthesis to levels observed in host cells 
where blockade of TNF-a activity had no effect. Thus, it 
appears that the effect of fibronectin synthesis with 
neutralization of TNF-a activity may also depend on 
the endogenous level of TNF-a or on the level of fi- 
bronectin synthesis. Although our experiments using 
host and donor tissues could only be performed in two 
animals, due to limited availability of tissue for cultur- 
ing vascular cells, we have extensively demonstrated 
upregulation of fibronectin synthesis in donor smooth 
muscle cells compared to host, and both the neutraliza- 
tion of this effect by IL-ip antibodies in donor cells and 
a stimulatory effect using exogenous IL-10 in host cells 
(Clausell and Rabinovitch, 1993). 

It is known that IL-1 and TNF-a share many biologi- 
cal activities, in addition to the fact that they can be 
reciprocally co-induced (Bethea et al., 1992; Nawroth et 
al. f 1986). Moreover, studies on intra-graft events re- 
lated to cytokine mechanisms indicated that increase 
in TNF-a expression in grafts occurs very early in the 
course of activation of the 'cytokine cascade' preceding 
the expression of IL-1 (Ford et al., 1990). Also, endothe- 
lial cell induction of IL-1 was observed upon stimulation 
with TNF-a (Nawroth et al., 1986). Using normal por- 
cine coronary artery smooth muscle cells, we observed 
upregulation of fibronectin levels upon stimulation 
with TNF-a, albeit not to the extent seen with host 
cells, which may reflect the different milieu of cyto- 
kines and growth factors to which the host cells were 
subjected in the transplant model. Furthermore, al- 
though the levels of fibronectin synthesis may differ in 
each experiment, they consistently reflected either the 
stimulatory activity of exogenous cytokine or the inhib- 
itory effect of neutralizing antibodies compared to basal 
production in a steady state. 

The effect of TNF-a on fibronectin production in nor- 
mal coronary artery smooth muscle cells could be over- 
come by the addition of IL-ip neutralizing antibodies. 
Blockade of IL-1 p upon stimulation of vascular smooth 
muscle cells decreased fibronectin production below 
basal levels, although this effect could not be seen when 
smooth muscle cell fibronectin synthesis had not been 
primed first by TNF-a. We previously observed that 
IL-ip antibodies could decrease fibronectin synthesis 
in donor smooth muscle cells with high endogenous 
levels of IL-ip but not in host levels, with low endoge- 
nous levels of IL-ip. It appears, therefore, that the ca- 
pacity of IL-ip to regulate intracellular mechanisms 
controlling fibronectin production may depend on a 
specific level of expression of either the cytokine or its 
receptors and this may be a function of a particular cell 
phenotype. These data taken together, in addition to 
our previous work related to IL-lp regulation of fi- 
bronectin synthesis (Clausell and Rabinovitch, 1993), 
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production in response to TNF-a. 

We further investigated whether the IL-ip effect in 
enhancing fibronectin production could be mediated by 
TNF-a, sine IL-ip has been shown to induce TNF-a 
gene expression by activation of NF-kB via a protein 
kinase-C-dependent pathway (Bethea et al., 1992). Our 
previous studies revealed that exogenous IL-ip in- 
creased basal levels of fibronectin in host coronary ar- 



tery smooth muscle cells and, in this study, we demon- 
strated that the same effect using normal coronary 
artery smooth muscle cells could be overcome by the 
addition of IL-ip neutralizing antibodies. Tumor necro- 
sis factor-a neutralizing antibodies decreased fibronec- 
tin synthesis to basal (control) levels when IL-ip was 
used to stimulate coronary artery smooth muscle cells, 
suggesting that the effect of IL-ip could be due to in- 
duction of TNF-a expression. Neutralizing TNF-a ac- 
tivity did not affect basal production of fibronectin, 
since control levels were not affected by TNF-a anti- 
bodies. 

Previous studies suggest that the molecular mecha- 
nisms of IL-ip regulation of fibronectin is complex, but 
associated with increased mRNA levels and transcrip- 
tion rates (Clausell and Rabinovitch, 1993; Hu et al., 
1993). These findings imply that IL-lp and TNF-a up- 
regulate fibronectin through co-dependent intracellu- 
lar signaling pathways. The mechanism may also in- 
volve upregulation of IL-1 receptors, as TNF-a has been 
shown to upregulate IL-1 receptors (Bry et al., 1993). If 
TNF-a induces IL-1 and IL-1 receptors and IL-1 induces 
TNF-a, then IL-1 antibodies, in contrast to TNF-a anti- 
bodies, would leave the TNF-a-stimulated IL-1 recep- 
tors unoccupied and this might result in a negative 
feedback loop accounting for the tendency for fibronec- 
tin levels to fall below basal values. 

Finally, we observed a further increase (30 to 50%) in 
fibronectin synthesis when both IL-ip and TNF-a were 
added simultaneously to normal coronary artery 
smooth muscle cells. That an additive effect of IL-ip 
and TNF-a upregulation of fibronectin levels was not 
seen, supports the interdependence of the two cytokines 
related to a final column pathway. Alternatively, it 
may represent a saturated state of production of this 
matrix protein, although recent unpublished studies 
from our laboratory would not support saturation of 
cytokine-mediated effect at the doses used. There are 
examples in the literature of combined and synergistic 
effects of cytokines in regulating cellular functions. 
Caldwell and Emerson (1994) showed that IL-la and 
TNF-a had greater than additive effects on the produc- 
tion of myeloid colony-stimulating factors by human 
bone marrow and cloned stromal cells. Kobayashi and 
colleagues (1990), on the other hand, did not show an 
additive or synergistic effect of IL-ip and TNF-a in 
decreasing the synthesis of glycosaminoglycans in por- 
cine aortic endothelial cells. 

In summary, our results indicate that there is a Cy- 
tokine loop' whereby increased expression of TNF-a 
and IL-ip activity in allograft coronary arteries are 
reciprocally induced and mediate the upregulation of 
fibronectin synthesis by vascular smooth muscle cells, 
a feature we have previously associated with the devel- 
opment of graft arteriopathy. Based on these observa- 
tions, wft speculate that the interplay between TNF-a 
and IL-ip in vivo, co-inducing their expression, leads to 
increased synthesis of fibronectin in coronary artery 
smooth muscle cells with subsequent accumulation in 
the subendothelial space. The functional significance of 
the accumulation of this matrix protein could be related 
to two distinct mechanisms of vascular pathobiology. 
Increased fibronectin may induce smooth muscle mi- 
gration into the subendothelial space (Boudreau et al., 
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1991; Linask and Lash, 1988); but it may also increase 
the migration and trafficking of immune-reactive cells 
into the vessel wall, as we have recently demonstrated 
in vitro (Molossi et al., 1994). 
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Increased pulmonary vascular resistance (PVR) and microvascular hypcrpcrmeability resulting in lung 
edema and arterial hypoxemia are mainstays in the development of adult respiratory distress syndrome 
(ARDS). The proposed pathophysiologic mechanisms include activation of complement and polymorphonu- 
clear leukocytes secreting lysosomal enzymes, toxic oxygen metabolites flOM) and eicosanoids. Platelets 
and coagulation factors are also involved , and in the most severe cases even monocytes are activated as 
reflected in release of thromboplastin. The latter may elicit disseminated intravascular coagulation (DIG). 
Under physiologic conditions lung blood flow is diverted from poorly to better oxygenated areas by way of 
hypoxic pulmonary vasoconstriction (HPV) thereby counteracting a decrease in arterial oxygenation. Many 
vasoactive substances have been proposed and again refuted as possible mediators of HPV. In this study we 
have focused on the following: histamine, catecholamines, arachidonates, calcium, phosphoinositides and 
TOM as well as endothelium -de rived relaxing and constricting factors. Whether HPV is present in ARDS 
and whether it is advantageous or not seems to depend on the stage and extent of disease. 
We discuss possible interactions between HPV and ARDS mediators and between HPV and various vasoac- 
tive agents tested for therapeutic effects. Out of the abundance of mediators released, prostacyclin, prostaglan- 
din E„ activated complement and platelet activating factor have been shown explicitly to inhibit HPV 
whereas others are suspected of doing so. In therapeutical use, prostacyclin has proved to reduce PVR and 
at the same time enhance cardiac output and oxygen delivery. In mild to moderate ARDS, improvement 
of arterial oxygenation has also been obtained employing almi trine bismesylate, a potentiator of HPV. 
Experimentally, adenosine effectively reduces increments in PVR and microvascular permeability with 
modest effects on systemic circulation. However, further investigations arc warranted to decide whether 
adenosine or more specific blockers as, for instance, monoclonal antibodies against tumor necrosis factor 
should be integrated in ARDS therapy in the future. 

Key words: Adult respiratory distress syndrome; Arachidonates; Eicosanoids; Hypoxic pulmonar y vasoconstric- 
tion; Phosphoinositides; Pulmonary vascular resistance; Toxic oxygen metabolites. 



Severe arterial hypoxemia is one of the hallmarks of 
adult respiratory distress syndrome (ARDS). Although 
a myriad of diseases may be associated with ARDS, 
the acute lung function abnormalities have a common 
denominator: a microvascular hyperpermeability lead- 
ing to a progressive accumulation of extravascular 
water in the lung. Deterioration of the endothelial and 
epithelial cell linings leads to flooding confined to the 
interstitial space and alveoli (1). The resulting gas 
exchange abnormalities are mainly caused by intrap- 
ulmonary right-to-left shunts and by ventilation/per- 
fusion inequalities. 

Under physiologic conditions, the deleterious effects 
of poorly ventilated lung regions on arterial oxygen- 
ation are counteracted by hypoxic pulmonary vaso- 
constriction (HPV) which redistributes blood towards 
more amply ventilated areas (2). Out of the abundance 
of reports dealing with human ARDS, no one has 
focused particularly on HPV and its possible interac- 
tion with mediators of ARDS. High altitude pulmon- 



ary edema is a clinical and pathophysiologic entity 
involving HPV, which has many features in common 
with ARDS, though no direct relationship has as yet 
been documented (3). 

Our purpose here is first to survey vasoactive sub- 
stances considered to participate in the mediation of 
HPV. Secondly, we want to assess whether HPV is 
influenced by changes in pulmonary vascular tone 
associated with ARDS and whether this effect is favor- 
able or detrimental. Thirdly, we will discuss how vaso- 
active agents that have been tested for eflects on pa- 
tients with ARDS might interact with HPV. 

MEDIATION OF HPV 
General considerations 

HPV has been a most puzzling challenge to investi- 
gators for more than 40 years. The thoughts we present 
represent our personal view and should not be under- 
stood as a generally accepted concept. 
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For various reasons it is difficult to assess the effect 
of drugs on HPV. First, because it varies between 
individuals of the same species as well as between 
different species (4); secondly, because it depends both 
on the experimental or clinical situation as well as on 
the strength and duration of stimulation. In studies 
carried out in man or intact animals it is, for example, 
of importance whether hypoxia has been confined to 
one lung, a lobe of a lung or to both lungs. The last 
of these three methods of inducing hypoxia may cause 
changes in pulmonary hemodynamics due both to in- 
trapulmonary and systemic influences (nervous or hu- 
moral), thereby making results difficult to interpret. 
Investigators employing isolated lungs, on the other 
hand, have excluded the possibility of systemically 
induced influences. An advantage of using isolated 
lungs is that pharmacological substances can be ad- 
ministered in higher doses than in intact animals. 
Some drug receptors are completely blocked only at 
relatively high concentrations of the antagonist. 

While earlier workers believed that HPV is elicited 
by a single mediator responding to stimulation of an 
hypoxia-sensitive area remote from vascular smooth 
muscle, current researchers favor the hypothesis that 
"multiple factors differing in combination in different 
species" are at play (5). Response activation might 
include both constricting and dilating stimuli. This 
view is supported by the observation that the lung 
vasculature may dilate in response to hypoxia when 
the possibility to constrict is blocked (6). As yet, neither 
the hypoxia-sensitive site nor the chain of mediators 
being involved in vasoconstriction have been fully 
understood. A further point to consider is whether the 
drug tested for an effect on HPV acts specifically, i.e. 
by interfering with a mediator or chain of mediators 
leading to vascular smooth muscle contraction, or by 
a paralyzing effect on vascular smooth muscle. A dis- 
tinction between these two possibilities can be made 
by parallel demonstration of unaltered vasoconstrictor 
responses to other stimuli at concentrations of the test 
substance that abolish HPV (7). Fig. 1 is an attempt to 
present a unifying hypothesis of substances suggested ly 
involved in the mediation of hypoxia-induced constric- 
tion of lung vessels and some of their blockers and 
potentiators. 

Histamine 

A commonly held opinion a few years ago was that 
endogenously administered histamine mediates HPV 
(8, 9). Thus, in the rat isolated lung, large doses of 
antihistamines and histamine-depleters reduce HPV, 
whereas semicarbazide (a histaminase inhibitor) po- 
tentiate? it. Histamine concentration in iung eliluent 
blood has been reported to increase during hypoxia 



(10). In addition, deposits of histamine contained in 
mast cells are strategically placed along the course of 
the pulmonary resistance vessels (11). However, results 
obtained by various investigators have been conflict- 
ing, probably due to differences both in species and 
experimental design. Although histamine is the sub- 
stance most thoroughly investigated for the role as 
mediator of HPV, ambiguity has arisen as far as the 
general applicability of this concept is concerned. 

Autonomic nervous system 

Shortly after HPV had been described (2), Logaras 
(12) demonstrated in cats that HPV acts independently 
of the autonomic nervous system. Although some sub- 
sequent workers found reduced responses following ad- 
ministration of ct-adrenergic ^blocking agents in cat 
(13-15), most investigators favor the view that HPV 
is not obtunded by these agents (16-18). In contrast, 
p-adrenergic agonists such as isoprenaline have proved 
to reduce pulmonary vascular resistence (PVR) in 
experimental animals under normoxic as well as hy- 
poxic conditions (15, 19-22). On the basis of these 
findings it was not surprising that intravenous adminis- 
tration of isoprenaline post-operatively to patients 
undergoing cardiac surgery resulted in increased frac- 
tion of blood shunted in the lungs (23). It has further- 
more been recognized that broncho-dilator treatment 
of patients with bronchial asthma employing isoprena- 
line is frequently associated with increased venous ad- 
mixture (24) and enhancement of ventilation/per- 
fusion mismatching (25). Isoprenaline exerts its action 
on a well defined target, the p-receptor of the vascular 
smooth muscle cell. Agonist binding causes activation 
of adenylate cyclase, producing the "second messen- 
ger", 3',5'-cyclic adenosine monophosphate (cAMP) 
from ATP within the target cell. In this respect, the 
coupling between the P-adrenergic receptor and the 
enzyme adenylate cyclase is similar to the coupling 
between adenylate cyclase and hormone receptors to 
certain polypeptide hormones, such as glucagon, 
ACTH and secretin (26). Particularly interesting in 
this connection is the observation in dog that lung 
cAMP decreases during hypoxia-induced pulmonary 
vasoconstriction (27) whereas liver cAMP remains un- 
altered (28). 

Terbutaline is a specific p-2 receptor stimulating 
agent which is widely used as an inhalation broncho- 
dilator for treatment of bronchia! asthma. In pigs, 
reduction of HPV was followed by an increase in 
pulmonary level of cAMP (29). Substances which in- 
crease the intracellular level of cAMP, such as gluca- 
gon and aminophyllinft- hav* also been found io re- 
duce HPV (30, 31). Glucagon and aminophylline in- 
crease the intracellular concentration of cAMP in two 
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Fig. 1. Hypothesized chain of mediators of hypoxic pulmonary vasoconstriction (HPV). It is unknown how hypoxia elicits constriction, but 
possibly by directly aifecling vascular smooth muscle of small pulmonary arteries. Arachidonic acid emanating from phospholipid and 
diacylglycerol (product of phosphatidyl-inositol) of the cell membrane phospholipid bilayer, may be degraded into cycloxygenase and 
lipoxygenase metabolites. The latter (LTC4, LTD4) may act as calciumionophores acting to enhance influx of <V* both through potential 
operated and receptor operated (POC/ROC) channels (43, 46). BW 755 is a combined cycloxygenase and lipoxygenase hhxtker whereas 
ibuprofen is a blocker of the cycloxygenase pathway. Inositoltriphosphate suggrstcdly induces release of Ca 1 '* from sarcoplasmic reticulum. 
Phosphorylation by inositoltriphosphate or diacylglycerol activated protein kinase C, may play a role in mobilization of extracellular Ca** 
(50). a*adrcncrgic agonists enhance intracellular Ca 3 * whereas (J-agonists have the opposite cllect, both contributing to the basal lone of the 
vessels. Hydrogen peroxide suggest cdly acts via enhanced 3,5 '-cyclic guanosine monophosphate (cGMP) to dilate the vessel, the latter effect 
being antagonized by the enzyme catalase (56). Hypoxia reduces generation of endothelium drrived relaxing factor (EDRF). It still remains 
unknown how hypoxia affects the formation of endothelin, a constrictor derived from endothelium. Angiotensin II constricis arterioles via 
a receptor protein (C-protein) independent of the calcium mechanism. See text for further details. 
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different ways: the former by increasing adenylate cyc- 
lase activity; the latter by inhibition of the enzyme 
phosphodiesterase, which transforms cAMP to AMP. 
The effect of P-receptor stimulation on vascular smooth 
muscle is still hypothetical. It has been shown both in 
turkey erythrocytes and in human erythrocytes that 
Ca 2+ efflux is enhanced by P-agonists and inhibited 
by P-antagonists (26). Since vascular smooth muscle, 
in contrast to striated muscle, is dependent upon influx 
of Ca 2+ from extracellular fluid for contraction, it 
is not surprising that smooth muscle contractility is 
enhanced by a-agonists and reduced by P-agonists. It 
is assumed that catecholamines help to set the back- 
ground tone that is necessary for the pulmonary vascu- 
lar smooth muscle to respond to hypoxia (5). If this 
assumption is correct, a varying degree of inhibition 
should be expected as well from a-adrenergic blockers 
as from P-receptor agonists. 

Arachidonic acid metabolites 

During the last few years much attention has been 
payed to the hypothesis that prostanoids arc of import- 
ance for elicitation of HPV. Arachidonic acid originat- 
ing from the hydrolytic action of membrane-bound 
phospholipase A 2 is stored in the phospholipid bilayer 
of the cell membrane. Derangement of arachidonic 
acid, which is blocked by BW 755, may be induced 
by several mechanisms following the cycloxygenase 
or lipoxygenase pathways. However, the link between 
airway hypoxia and the stimuli which trigger the de- 
rangement does not appear quite clear to us. It may 
be that toxic oxygen metabolites (TOM) induce the 
process by way of lipid-peroxidation (32). 

In the lipoxygenase pathway the leukotriene-con- 
taining peptide is the most potent constrictor. In the 
cycloxygenase pathway prostacyclin is the predomi- 
nant vasodilator and thromboxane A 2 the most power- 
ful constrictor. Some years ago, Said et al. (33) put 
forward the hypothesis that a constrictor prostagland- 
in, PGF 2a is the mediator of HPV. This hypothesis 
was, however, refuted by investigators suggesting that 
endogenous vasodilator substances derived from ara- 
chidonic acid oppose HPV. This suggestion was based 
on the fact that indomethacine and meclofenamate 
potentiate HPV (34, 35). However, later attempts to 
isolate arachidonic acid metabolites from lung effluent 
blood or lung tissue have been unsuccessful (36). More 
recently, Garrett & Thomas (37) reported increased 
shunt fraction secondary to prostaglandin E, infusion 
in dogs with atelectasis as indirect evidence of abol- 
ished HPV. These researchers could not, however, find 
elevation of prostanoid metabolites in effluent blood 
from the atelectatic left lower lnh^ 2nd thry found no 
correlation between shunt fraction and 6-keto-PGF la 



(38). Thus, most likely, a mediating role for these 
metabolites can be discarded unless they are so rapidly 
metabolized in tissue that they cannot be detected. 

Among the leukotrienes, LTD 1 has proven to be a 
potent constrictor of the pulmonary vasculature. 
Moreover, it has been demonstrated that leukotriene 
inhibitors block HPV, but results from different species 
are rather ambiguous as regards specificity, thus mak- 
ing leukotrienes unlikely for the role as the only me- 
diator (39-43). 

Calcium 

Constriction of vascular smooth muscle requires an 
increase in the cytosolic Ca 2 ' concentration. Sug- 
gestedly peptidoleukotrienes acting as calciumiono- 
phores (particularly LTD 4 increased Ca 2 " inward cur- 
rent activity) enhance both receptor operated (ROC) 
and potential operated (POC) channels (43). This 
may stimulate cellular uptake and release of Ca 2+ from 
stores in endoplasmatic reticulum. 

Calcium channel blockers like verapamil and nifedi- 
pine dampen HPV (44, 45). Conversely, enhanced 
responses have been observed after administration to 
the perfusate of isolated rat lungs or to intact dogs of 
BAY K8644, a calcium channel potentiator (46). These 
findings arc supported by the observation that strips 
of small pulmonary arteries ( < 300 urn diam) constrict 
in response to hypoxia at concomitant depolarization 
of smooth muscle cell membrane (47). Harder (48) 
and Hottenstein et al. (49) have suggested that the 
electrical response to hypoxia of pulmonary artery 
smooth muscle cell membrane is largely the conse- 
quence of increased Ca 2+ permeability; the membrane 
potential changes and action potentials generated de- 
pend predominantly on Ca 2 ' 1 ' influx. 

In recent years another class of agents has attracted 
attention: the phosphoinositides emanating from the 
phospholipid (50). There is abundant evidence that 
these agents, acting via Ca 2+ mobilization, play an 
important role in signal transduction from receptors 
at the plasma membrane. The polyphosphoinositides 
have also been shown to contain a large share of 
arachidonates. It is, however, not known what pro- 
portion of total arachidonates liberated is derived from 
these agents and what the mechanism of release is. 

Inositol triphosphate (IP 3 ) appears to be an import- 
ant link between receptor-activated phosphoinositide 
breakdown and Ca 2+ mobilization from intracellular 
stores such as the endoplasmatic reticulum. Breakdown 
of IP 3 is associated with Ca 2+ re-uptake. It has been 
suggested that phosphoinositide metH^H^ir. plays a 
roie in the opening of Ca 2+ gates at the plasma mem- 
brane to permit entry of extracellular Ca 2 + . 
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Diacylglycerol is a further cleavage product of phos- 
phoinositidcs. The most important role of this metabo- 
lite seems to be activation of protein kinase C which 
is a cytosolic enzyme predominantly causing phos- 
phorylation. Thus, stimuli causing breakdown of 
polyphosphoinositides result in formation of IP 3) dia- 
cylglycerol and protein kinase C. Suggestedly, these 
agents act in a synergistic manner to yield a maximum 
physiological response (50). 

Inhalation anesthetics inhibit HPV in animal 
models (7). As far as human beings are concerned, 
results are ambiguous; when given in low to moderate 
concentrations, isoflurane and enflurane do not depress 
HPV (51, 52) whereas diethyl ether and halothane 
administered at high concentrations have a dampening 
efTect (53). The mechanisms underlying these effects 
are unknown, but as far as halothane and isoflurane 
arc concerned, calcium channel blocking effects have 
been suggested (54, 55). Thus, Ca 2+ undoubtedly 
plays an important role in the chain of events initiating 
vascular smooth muscle contraction, although the cri- 
teria of being a specific mediator of HPV have not as 
yet been settled. 

Toxic oxygen metabolites 

Several investigators have suggested that TOM regu- 
late vascular reactivity (56). If TOM are important 
for elicitation of HPV, it might be pertinent to ask 
whether substances like hydrogen peroxide, superox- 
ide anions and hydroxyl anions are produced under 
conditions of tissue hypoxia. We believe that the en- 
zyme system xanthine dehydrogenase/xanthine oxi- 
dase (XD/XO) may provide a key to the question. 
This system interferes both with intracellular purine 
metabolites and TOM. However, an obvious mech- 
anism linking TOM to HPV does not exist, TOM 
are constantly produced in proportion to the tissue 
oxygen tension. Increased generation has been ob- 
served in lung tissue during exposure to toxic oxygen 
concentrations (57). XD/XO is sensitive to the intra- 
cellular oxygen tension. Tissue anoxia and ischemia 
suggestedly promote conversion of XD to XO. 
Consequently, increased TOM-lcvcls may occur even 
though access to oxygen is diminished. In plasma 
perfused lungs it was observed that intravascularly 
administered XO induced pulmonary vasoconstric- 
tion of the same magnitude whether ventilation was 
with 2% 0 2 or normoxic (58). Anyhow, one should 
bear in mind that arachidonic acid metabolites may 
result from the reaction between TOM and cellular 
membranes. Though it is an attractive idea, we have 
no clcarcut explanation a S *~ whether or nui TOM 
are involved in the elicitation of HPV. 



Endothelium derived relaxing and constricting factors 
A few years ago investigators found that TOM modu- 
late contractions of vascular smooth muscle. In experi- 
ments on canine coronary artery rings, hydrogen per- 
oxide proved to inhibit acetylcholine released endo- 
thelium derived relaxing factor (EDRF). Superoxide 
anions depressed and hydroxyl radicals facilitated en- 
dothelium-dependent relaxations caused by activation 
of muscarinic receptors (59). 

More recent investigations have provided evidence 
for hydrogen peroxide relaxation of pre-contracted bo- 
vine pulmonary artery rings being independent of 
EDRF or prostaglandins (PG's). Responses were 
markedly attenuated by methylene blue which inhibits 
the activation of soluble guanylatc cyclase, the trans- 
formation enzyme of 3',5'-cyclic guanosine monophos- 
phate (cGMP). Micromolar concentrations of hydro- 
gen peroxide elicited increments in arterial cGMP that 
were associated with vascular relaxations. The increase 
was antagonized by the superoxide anion and by inac- 
tivation of catalase, a scavenger of the hydroxyl anion 
(56) . A most interesting observation referred to above, 
i.e. that small muscular arteries contract when exposed 
to hypoxia, is supposed to be due to inactivation of 
■ O 2- (the active agent of EDRF) by superoxide 
anions: 'NO+ 0 2 ~=ONOO~ (peroxonitrite anion) 
(60). However, the interaction of TOM and endo- 
thelium derived relaxing and constricting factors is not 
yet completely established and we still have a long 
way to go before we can explain the puzzling chain of 
events eliciting HPV. 

VASCULAR CHANGES IN ARDS 
- IS HPV INVOLVED? 

Arterial hypoxemia is the ultimate result of lung injury 
in ARDS. The microvascular hyperpermeability is the 
single most recognized pathogenetic factor of edema 
formation. Additionally, many cases are associated 
with pulmonary arterial hypertension due to enhance- 
ment of PVR, although left ventricular end-diastolic 
filling pressure will as a rule stay normal. In seriously 
ill patients, an up to four-fold increase in PVR may 
ensue, raising mean pulmonary arterial pressure 
(PAP) above 40 mmHg (61). 

The acute lung edema starts at the corner vessels of 
the alveolus, probably due to the higher surface tension 
in this region, and extends to the alveoli (62). Loss 
of surfactant increases surface tension and enhances 
edema formation due to more subatmospheric press- 
ures in the alveolar wall. A vicinns circle may arise, 
resulting in small airway closure and microatelectasis. 
In lungs that have become atelectatic it is well docu- 
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mented that the rise in PVR is mainly caused by HPV 
(63, 64). Thus, unless blocked by ARDS mediators 
or therapeutic measures, we believe that HPV might 
contribute to the increase in PVR. At a late stage of 
edema, microvessels may become leaky both to plasma 
constituents and blood cells and, at the worst, the 
result will be generalized lung fibrosis (61, 62, 65, 66). 
As far as this condition is concerned, reports on HPV 
arc circumstantial. In a study of two cases of cystic 
fibrosis indirect evidence has been obtained suggesting 
that HPV is present even at an advanced stage of 
disease (66). 

When evaluating ARDS pathophysiological 
changes, anatomical alterations of the pulmonary ar- 
tery lumen should be taken into account. In an angio- 
graphic study, Greene et al. recognized that 80 out of 
220 patients had multiple widespread pulmonary ar- 
tery filling defects. At autopsy most victims had pul- 
monary thromboembolism (67). Confirmatory evi- 
dence has been obtained by other investigators, who 
additionally observed marked thickening of the muscu- 
laris media and growth of smooth muscle into distal 
parts of the pulmonary arterial bed in longstanding 
ARDS (68, 69). Most likely, the resulting scatter in 
blood flow distribution will cause redistribution 
towards non-obstructed microvessels. The latter will 
be exposed to higher hydrostatic pressures which add 
to the increased permeability in contracting pulmon- 
ary edema. Moreover the increment in pulmonary 
pressure will blunt HPV thereby contributing to in- 
creased PVR and impaired arterial oxygen tension 
(70, 71). 

ARDS mediators and HPV 

A survey of suggested mediators of ARDS is presented 
in Fig. 2. Several mechanisms proposedly act in con- 
cert to bring about the changes in PVR, some of 
which are constrictors, others dilators. Activation of 
complement causing activation and aggregation of 
polymorphonuclear leucocytes (PMN) seems to in- 
itiate the process (72). The subsequent release of TOM, 
lysosomal enzymes and arachidonic acid metabolites 
damage the endothelium (73). In the most severe cases 
of septicemia-induced ARDS even monocyte-rclcased 
thromboplastin may be at play triggering disseminated 
intravascular coagulation (DIG) (74). 

Out of the variety of arachidonic acid derivatives, 
thromboxane A 2 (TXA 2 ), a product of the cycloxygen- 
ase pathway, is a potent vasoconstrictor. TXA 2 is re- 
leased into the pulmonary circulation of rabbits both 
in vivo and in isolated lungs perfused with Krebs-Hen- 
seleit-albumin solution free of blood cells indicating 
that TXA.; may be released directly from pulmonary 
tissue (74). It seems to be generally accepted that the 



profound pulmonary vasoconstriction in early ARDS 
is mediated by intrapulmonary released and/or pro- 
duced TXA 2 . Other vasoconstrictor PC's such as 
PGF 2a , PGE 2 and PGD 2 may add to the picture (75). 
We have no direct information about the effect of these 
PG's on HPV but investigations on dog left lower lobe 
preparations and isolated rat lungs have revealed that 
HPV is hampered at high pulmonary artery transmu- 
ral pressures (70, 71). 

Prostacyclin (PGI 2 ) is the most potent vasodilator 
in the lung circulation. A few years ago, investigators 
suggested that endotoxin inhibition of HPV is a result 
of selective increase in endogenous production of 
prostacyclin. They presented two types of evidence 
in support of this theory: first, in the late phase of 
endotoxemia HPV was absent, but could be restored 
by treatment with the cycloxygenase inhibitor mcclo- 
fenamate; second, infusion of arachidonic acid during 
HPV resulted in vasodilation coincident with increased 
lung production of prostacyclin metabolites (76). To 
a certain extent, other PCs may also contribute to 
vascular dilation out of which PGE, is by far the most 
investigated HPV inhibitor (76, 77). 

Demonstration of increased concentrations of leuco- 
tricnes in lung edema and lavage fluid from experi- 
mental animals and patients with ARDS supports the 
assumption that lipoxygenase products may also be at 
play (42). The leucotrienes possess the capability of 
altering vascular reactivity and permeability. Further- 
more, they have been shown to be potent stimulators 
of neutrophil chemotaxis and adhesion to the vascular 
endothelium. As far as effects on HPV arc concerned, 
the various metabolites differ. Whereas LTD 4 is a con- 
strictor of pulmonary vessels (43) and has been sug- 
gested to take part in mediation of HPV, other inter- 
mediates dilate pulmonary vessels. 

Platelet aggregation is an important incidence in the 
development of ARDS causing release of serotonin 
(5-hydroxytryptamine; 5-HT), which stimulates both 
bronchial and vascular smooth muscle. 5-HT induces 
vasoconstriction of pulmonary arterioles and veins re- 
sulting in pulmonary hypertension (78). Sibbald et al. 
observed that patients with sepsis-induced ARDS had 
a fall in platelet concentration, but a significantly 
higher plasma 5-HT concentration as compared to 
controls (79). Further evidence of 5-HT release has 
been obtained by Demling et al. who noticed that 
ketanserin, a selective 5-HT 2 receptor blocker, abol- 
ished pulmonary hypertension occurring at a late 
phase of endotoxin-induced ARDS in sheep (80). In 
a recent study on rat isolated lungs, ketanserin ad- 
mi nictprpd : -> concentration abwiiauiiig pressor re- 
sponses to high doses of 5-HT had no effect on hypo- 
xia-induced increments in PVR (81). These two 
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Fig. 2. Cellular and humoral systems suggested to be activated in patients with ARDS. See text for details. 



studies suggest that platelet sequestration and 5-HT 
release are involved in the rise in PVR in endotoxin- 
induced ARDS, even though serotonin per se appar- 
ently does not affect HPV. 

According to Ashbaugh et al. (82) the coagulation 
system is always activated in shock and other con- 
ditions that may often be complicated by ARDS. In 
the most severe cases, activation may be extensive 
including both cell- and cascade systems as in 
fulluluwn DIG. A literature review provided no exact 
information about the effects on HPV of coagulation 



factors, but according to Neuhof et al. (74) fibrinopep- 
tides and fibrin monomers, cleavage products of fi- 
brinogen by thrombin-induced proteolysis, are prone 
to increase both pulmonary vascular tone and per- 
meability. 

Also the kinin-kallikrein system is activated in 
ARDS patients (83). Activation is concomitant with 
coagulation, fibrinolytic and complement systems (84). 
Thp rpciiit;»g production of biauykinin increases per- 
meability and so brings about a worsening of the syn- 
drome which, most likely, includes derangement of 
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HPV An exciting hypothesis forwarded by De Olive- 
ira & de Oliveira Antonio (85) suggests that the patho- 
physiology associated with ARDS might be a conse- 
quence of cybernetic derangement of the stress-adapt- 
ing mechanisms of the central nervous system, 
probably due to development of "alarm-reaction-in- 
duced" cerebrovascular microthrombosis (86, 87) 
damaging hypothalamic centers. Expression of this 
damage is by activation of several peripheral effectors, 
some being ultimately responsible for ARDS develop- 
ment. Among the activated endogenous substances, 
the kinins and the catecholamines act together to cause 
the hyperpcrmeability, and inhibition of either of the 
substances will hamper the development of ARDS 
(85). 

In an investigation employing New Zealand white 
rabbits, Nuytinck and co-workers (65) recently noticed 
that the combination of zymosan-activated comple- 
ment and short hypoxic episodes apparently aggra- 
vates the lung microvascular injury with occurrence of 
protein-rich alveolar edema and hemorrhage. Since 
complement-activation is an important step in the 
evolution of ARDS, it seemed reasonable to examine 
whether activated complement affects HPV in its own 
right. In dogs, HPV was reduced by infusion of zymos- 
an-activated complement. This effect was partly 
blocked by meclofenamate suggesting that inhibition 
involves dilator prostaglandin-like substances (88). 

Platelet activating factor (PAF) (a phospholipid) is 
released from inflammatory cells known to be seques- 
tered in the lung during evolution of injury (89). This 
mediator, which is supposed to be released during 
ARDS, has recently been shown to depress HPV and 
vasoconstriction in response to angiotensin II (90). 
Thus, an abundance of mediators released by the dis- 
ease process acts synergistically to bring about the 
vascular changes in ARDS. some of them, most likely, 
interfering with HPV 

THERAPEUTIC INTERVENTIONS 
AFFECTING HPV 

Strategies to improve survival from ARDS require 
artificial ventilation with positive end-expiratory press- 
ure (PEEP) .and, in the most severe cases, extracor- 
poreal lung assistance device. Adjuvant therapy in- 
cludes agents that modulate PVR, antagonize hyper- 
permeability and enhance right ventricular 
contractility. Here we will locus on the first group of 
substances. As a matter of fact, HPV may be influ- 
enced not only by its own mediators and those ensuing 
from the evolution of ARDS, but also from superim- 
posed interventions. Facing the individual ARDS pa- 
tient we should consider whether HPV is an advan- 



tageous mechanism to be preserved at the cost of in- 
creased PVR or an unfavorable mechanism which 
should be antagonized. The decision whether HPV 
should be preserved or not, or even strengthened, de- 
pends on which intervention gives the best outcome in 
terms of oxygen delivery. 

Effects of artificial ventilation with PEEP 
There exists no exact information about the effect on 
HPV of continuous positive pressure ventilation. In 
lungs subjected to acute respiratory failure it has been 
possible to differentiate between normally inflated, 
poorly inflated and non-inflated regions (91). Impair- 
ment of gas exchange was directly correlated to non- 
inflated lung tissue mass as a fraction of total lung 
weight. The quantity of normally inflated areas corre- 
lated positively with the Pa0 2 and negatively with the 
shunt fraction. This might imply that HPV, most likely, 
is intact in normally inflated areas. Extrapolating this 
information to patients with ARDS, wc hypothesize 
that during artificial ventilation employing PEEP, the 
most "normal" respiratory units will receive a greater 
part of the tidal volume due to lower airway resistance 
and higher compliance as compared to the less aerated 
units (91). As a result of relative hyperinflation, zone 
I conditions arising in the former units may divert 
blood towards more poorly aerated units. Since, how- 
ever, the net effect of a continuous airway pressure is 
improvement of arterial oxygen tension, the above 
effect might be outweighed by the advantageous in- 
crease in gas exchange area and redistribution of extra- 
vascular lung water secondary to PEEP (62). 

Vasoactive agents suggested to interfere with HPV 
In clinical settings it is difficult to interpret whether a 
dilating agent acts by purely abolishing pulmonary 
vasoconstriction, by recruiting the vascular bed or 
both. Table 1 surveys studies of ARDS pin-pointing 
effects of vasoactive drugs suspected of interference 
with HPV. The Table includes both potentiators and 
inhibitors of HPV If arterial hypoxemia exists in the 
presence of low PVR, therapy should aim at restoring 
HPV Recent studies in animals have documented en- 
hancement of HPV by low dose almitrinc bismesylate 
(92). This finding has been confirmed in healthy 
humans (93) as well as in patients with ARDS (94) 
with improvement of arterial oxygenation. Thus, al- 
though information is scanty, we have reasons to be- 
lieve that potentiators of HPV, like almitrine bismesyla- 
te, circumstantially may improve oxygenation. 

In victims of ARDS high PVR may impede right 
vpntri rular function and reduce- Caiuiac output (CO). 
Hence, a vasodilating agent may prove useful because 
it enhances CO and, possibly also, mixed venous oxy- 
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Clinical and experimental studies of ARDS showing pulmonary hemodynamic- and gas exchange changes suspected of being influenced hy 
hypoxic pulmonary vasoconstriction (HPV). Indications of HPV have been derived from hemodynamic- and gas exchange alterations caused 
by inhibitors and potential ors of HPV. None of these studies aimed at specifically investigating HPV. It is therefore impossible to distinguish 
between blunting of HPV and vascular recruitment, and information in the table should therefore be considered as hypothetical. 
PVR -pulmonary vascular resistance, CO-^ cardiac output, Pa0 2 = arterial oxygen tension, Q,/Q, inlrapulmonary right-to-left shunt. 
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gen tension (Pv0 2 ). On the other hand, vasodilation 
per se may preclude a drop in arterial oxygen tension 
(Pa0 2 ) due lo increased intrapulmonary shunt causing 
saturation to fall along the oxyhemoglobin dissociation 
curve. This effect may jeopardize oxygen delivery cal- 
culated as the product of arterial oxygen content and 
CO. 

Recently, investigators have reported from studies 
on patients with mild to moderate ARDS that sodium 
nitroprusside infusion caused a fall in PAP and a rise 
in venous admixture. As pulmonary capillary wedge 
pressure and CO remained essentially the same, it is 
tempting to hypothesize that the reduction of PVR, at 
least in part, was secondary to attenuation of HPV 
(95). This investigation supports an earlier report 
documenting impairment of HPV during infusion of 
scd;um niuuprusside in dogs subjected to oleic acid- 
induced pulmonary edema (96). Thus, increased dis- 



MP = methylprednisolone 
NTG = nitroglycerine 
PGE-j = prostaglandin E-j 
PGI2 = prostacyclin 
SNP = sodium nitroprusside 



tribution of pulmonary circulation to poorly oxygen- 
ated regions appears to be the most likely explanation 
of the fall in Pa0 2 upon infusion of this agent (61, 95). 

Some years ago, investigators noted that PGEj in- 
hibits HPV (76). In patients with mild to moderate 
ARDS Radermacher et al. (97) compared the effects 
on pulmonary hemodynamics and gas exchange of 
nitroglycerin and PGEi at a dosage rate aiming at a 
20% reduction in mean arterial pressure. At the dos- 
ages tested both drugs reduced PVR. Nitroglycerin 
induced a fall in Pa0 2 and a rise in venous admixture 
caused by increased distribution of perfusion to non- 
inflated areas and regions of low ventilation-perfusion 
ratios. Conversely, pulmonary capillary wedge press- 
ure, CO and Pv0 2 remained unaltered. The authors 
concluded that the changes "«ac piubabiy due to inhi- 
bition of HPV, thereby confirming previously reported 
blunting of HPV during nitroglycerin infusion in can- 
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ine oleic acid-induced lung injury (97, 98). As far as 
PGE, is concerned, findings were principally the same, 
except for an increment in oxygen delivery which was 
mainly attributable to augmentation of CO. Enhance- 
ment of CO also partly explains the decrease in PVR 
secondary to PGEj infusion (97). In a similar group 
of patients other investigators have obtained corre- 
sponding results but for the difference that Pv0 2 re- 
mained unchanged during infusion of PGEj (99). 

In a further study, Radermacher et al. (100) re- 
cently evaluated the vasodilating properties of prosta- 
cyclin. They found a fall in PAP and PVR and an 
increase in venous admixture due to significant de- 
terioration of ventilation-perfusion distributions. The 
fall in right ventricular afterload resulted for the major 
part from the vasodilating effect of prostacyclin causing 
CO and Pv0 2 to increase by 35% and 4.9 mmHg, 
respectively. The increase in shunt did not affect Pa0 2 
thereby leaving arterial oxygen content nearly un- 
changed. Both prostacyclin and high Pv0 2 reportedly 
impair HPV, but the study design does not allow for 
any conclusion as regards the quantitative contri- 
bution of each of the inhibitors to the total reduction 
of HPV (101, 102). Thus, in spite of a most likely 
impairment of HPV, prostacyclin improves CO and 
oxygen delivery in patients with ARDS. 

A recent investigation of patients with moderate 
ARDS revealed that diltiazem, a calcium channel 
blocker, induces pulmonary vasodilation with a re- 
duction in PAP and PVR without any significant 
change in CO. The effect was accompanied by deterio- 
ration of pulmonary gas exchange as evidenced by the 
multiple inert gas elimination technique. The domi- 
nant finding was a diversion of blood flow from nor- 
mally ventilated and perfused compartments to shunt 
compartments. Whether this effect was due to vasodil- 
atation or recruitment was not possible to decide, but 
most likely, it could be explained in terms of inhibition 
of HPV (103). The latter observation was supported 
by the demonstration of reduced HPV secondary to 
infusion of minoxidil in dogs subjected to oleic acid- 
induced lung injury (104). Also other investigators 
have reported dampening of HPV following adminis- 
tration of calcium channel blockers (45). 

Previous experiments on rat isolated lungs have 
demonstrated that methylprednisolonc (MP) reduces 
HPV. This finding has also been confirmed in man 
(105, 106). A few years ago, a study of patients with 
lung contusion subsequent to blunt chest trauma 
showed that MP injected at a dose of 30 mg/kg body 
weight reduced PVR at the cost of increased intrapul- 
monary shunt. Cardiac index also inrrpasrH albeit not 
in proportion to the fall in PVR, while Pv0 2 concomi- 
tantly increased (107). We interpret these changes as 



being partly caused by a dampening effect on HPV. 
MP inhibits phospholipase A 2 which may start the 
derangement of arachidonic acid. MP also hampers 
complement activation and aggregation of granulo- 
cytes (108). In pulmonary hypertension due to ARDS, 
PVR was reduced by MP. This reduction might well 
partly bean effect of loss of HPV (106). 

Adenosine is a potent vasodilator of both the sys- 
temic and the pulmonary circulation with a half-life 
in blood of less than ten seconds. When administered at 
low dosage via the tip of a pulmonary artery catheter, 
adenosine seems advantageous because it restricts its 
action more or less to the pulmonary circulation. In 
cases of life-threatening increment of right ventricular 
impedance it is particularly important to reduce PVR 
with the least possible influence on diastolic systemic 
blood pressure which is a major determinant for myo- 
cardial perfusion. In isolated rat lungs adenosine has 
been shown to reduce HPV in a dose-dependent 
fashion (109). The relatively low concentrations necess- 
ary for obtaining this effect seem promising from the 
point of view of limiting the effect on the lesser circu- 
lation. Adenosine additionally has the capability of 
preventing pulmonary vascular leakage in fatty acid- 
induced lung injury (110). As yet, neither of these 
effects has been tested in clinical settings of ARDS and 
further investigations are warranted. 

In animal experiments TOM-induced lung damage 
could be prevented by the simultaneous administration 
of superoxide dismutase and catalase, implying that 
production of superoxide by granulocytes is important 
in the mediation of cell injury (111). An increased 
amount of extracellular TOM may also occur during 
the course of the hypoxanthine-xanthine oxidase reac- 
tion. To counteract this oxidative stress, antioxidant 
defenses exist, whether enzymatic, like superoxide dis- 
mutase and catalase, or nonenzymatic, like vitamin E 

(1 12) . In cases of endotoxin-induced ARDS, the use of 
human monoclonal antibodies against tumor necrosis 
factor has also shown encouraging results and may 
become an integrated part of future therapy of ARDS 

(113) . 

In conclusion, the present review supports the likeli- 
hood that HPV contributes to the increased PVR at 
an early state of disease in ARDS. Moreover, results 
from experimental studies suggest that mediators re- 
leased during ARDS may interact with HPV and 
hamper a possible beneficial effect of this mechanism 
on arterial oxygenation. Also, drugs used in the treat- 
ment of ARDS may abolish HPV at the cost of reduced 
arterial oxygenation. Although being an inhibitor of 
HPV, prostacycline appears io be the most advan- 
tageous vasodilating agent because oxygen delivery is 
enhanced due to increased CO. However, adenosine 
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with a half-life of only a few seconds seems promising 
and may become an integrated part of ARDS therapy 
in the future; however, further investigations are war- 
ranted. 
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DISCUSSION 



Participants: Dag Lundberg, Heinz Neuhof, Lars Ire- 
stedt, Goran Hedenstierna, Keith Sykes, Lars Bindslev 

Lundberg: Is it so that the hypoxic vasoconstrictive 
ability is found only in the vessels of the pulmonary 
circuit? 

Bjertnes: Yes, as far as I know this is so. But of course 
if you strip the arteries then you can see this constric- 
tion in other kinds of arteries; if you remove for ex- 
ample the endothelial layer - I think this was shown 
by Lloyd as early as the 1960's. 

Lundberg: There must be some specific thing in that 
very area then? 

Bjertn&s: Yes, and especially Jane Maiden's recent ex- 
periments I think show that it is precisely the very 
small arteries that constrict when exposed to hypoxia, 
not the aorta and not the main pulmonary artery. It 
seems to be confined to just these very small arteries. 

Lundberg: What about different species? Is it general 
or what? 

Bjertnas: It seems to be general, but there are differ- 
ences between the species and I don't think that the 
rabbit is the best responder. 

Neuhof: I think you can agree that there is a great 
discrepancy in the literature concerning the mediators. 
We have made a lot of experiments on isolated lungs 
- they are not yet published. But it seems as if there 
are two different modes we are speaking of. This may- 
be clears the discrepancies. One that hypoxic pulmon- 
ary vasoconstriction is a physiological mechanism 
which regulates the blood flow between ventilated and 
non- ventilated areas. Superimposed is a mechanism 
by an unphysiological stimulation of arachidonic acid 
metabolism which can injure the lung by barotrauma, 
for instance, and cause a pulmonary oedema. There 
are differences reported in the literature between ani- 
mals. In the dogs, there is a diminishing of the response 
if you block the cyclooxygenase pathways. In the rab- 
bit it is quite different, the thromboxanes are the main 
mediators, etc. I think the most interesting question - 
and it has not yet been answered - is how the human 
being responds. Do we respond like rabbits, is throm- 
boxane the main mediator, or do we respond like fer- 
rets or what? 



Bertnas: The question is very interesting. In opposition 
to Brian Marshall I don't think that this mechanism 
is so very important in adult life. I think it has its 
greatest role in the fetal circulation. And therefore I 
also think that the observation we made that adenosine 
is not generated at length during hypoxia is in oppo- 
sition to what Menser found many years ago, because 
he did not isolate the pulmonary circulation, so I think 
the adenosine he got came from other organs. Anyhow 
it would have been advantageous if adenosine had 
been liberated because then under hypoxic conditions 
in the fetal lung, the pulmonary circulation would 
have opened up and the lungs would have been more 
blood flooded and the placenta less. As of the species 
differences I think they are more difficult to comment 
on because I really don't know the reason for them. 

Irestedt: Adenosine might be involved in the patency 
of the ductus, for instance, and when the adenosine 
level falls after delivery this might be one of the reasons 
why the ductus closes. 

Bjertmes: But what is very interesting concerning this 
substance is that it tightens the pulmonary vasculature 
during an injury. I know that it has been shown for 
isoprenaline, terbutaline and aminophylline - agents 
that increase the cyclic-AMP - that these are sub- 
stances with a very short halflife; and maybe we could 
use adenosine more selectively than the other drugs, 
even than prostacyclin despite the fact that prosta- 
cyclin has been shown to be the most promising agent 
up to now. I think we should definitively examine also 
this function of adenosine. 

Hedenstierna: I must say that what you briefly touched 
upon was a new proposal of how attenuation of hypox- 
ic pulmonary vasoconstriction may be brought about. 
We are then no longer looking for a substance that 
is the mediator of HPV but rather one the reduced 
production of which is the cause, for instance NO. Is 
there more support for what you stated rather briefly 
that reduced production of NO may be the cause of 
HPV? 

Bjertruss: I think the answer lies in the oxygen free 
radicals. It may be that oxygen free radical can be 
produced even under hypoxic conditions by turning 
from xantine dehydrogenase to xantine oxydase. 
Mavbe it is 5* balance because, we *cc that tiie oxy- 
gen free radicals obviously play an important role 
in the regulation of the microcirculation, and so I 
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think we have to examine also these kinds of sub- 
stances. 

Sykes: I would rather like to be critical of the idea that 
there is active HPV in ARDS because I think in the 
vast majority of those studies you quote you could find 
some other factor which was altering the distribution, 
and I really don't think there is any strong evidence 
for this. If you could find mc one paper that could 
convince me I would be happy. 

Bjerlms: I completely agree, it is no strong evidence 
and we called it indirect evidence. We have a sus- 
picion, and the first EMCO patient in Tromso demon- 
strated a picture which could be explained by just 
eliciting HPV because at the same time as his Pa0 2 
went up his pulmonary arterial pressure also went 
up; and what happened to his cardiac output - I 
unfortunately only have the measurements after treat- 
ment. 

Sykes: I don't think you have convinced me! 



Bjertnas: I think you have to take this as a more 
casuistic demonstration. 

Bindslev: Do you think the HPV reflex is rudimentary 
in mammalian animals and actually out of business in 
humans; where the reflex should be used is in diving 
animals - there it is really advantageous; but we are 
studying human beings, or other mammalians, and 
looking for something which is disappearing. 

Bjertnas: It is an interesting question although I think 
it is somewhat wrong because we are talking about 
two different responses: the hypoxic response is one, 
and the diving response is another; but you are right, 
I think too they are both rudimentary responses 
though of course in dramatic lifethreatening situations 
they are activated; it is of course not life- threatening 
to have atelectasis, but it is a situation that threatens 
the oxygen uptake, at least. 
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□ 1: Thromb Res 1996 Feb l;81(3):315-326 Related Articles, Books, 

TNF-alpha suppresses IL-6 upregulation of protein S in HepG- 
hepatoma cells. 

Hooper WC, Phillips DJ, Evatt BL. 

Hematologic Diseases Branch, Centers for Disease Control and Prevention, A 
Ga 30333, USA. 

The pathogenesis of disseminated intravascular coagulation (DIC) has, in part 
attributed to the impairment of the natural anticoagulant protein C/protein S f 
DIC, which frequently occurs during sepsis, has been linked to cytokines that 
induce or modulate procoagulant activity. Three of these cytokines, IL-1 alph 
and TNF-alpha have been reported to be increased in the early stages of sepsi 
present study, we have stimulated HepG-2 hepatoma cell cultures with recom 
human IL-1 alpha, DL-6, TNF-alpha, and oncostatin M (OSM). The results 
demonstrated that TNF-alpha, and to a lesser degree, IL-1 alpha, could signifi 
suppress IL-6 upregulation of protein S, whereas the effects of OSM was onl; 
suppressed by the combination of IL-1 alpha and TNF-alpha. The combinatioi 
IL-1 alpha and TNF-alpha also suppressed protein S production below that oi 
or basal levels. These results indicate that EL-1 alpha and TNF-alpha may pla> 
important regulatory roles in coagulation. 
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□ 1: Tumori 1996 Jan;82(l):78-80 Related Articles, Books, 

Characterization of cancer-related disseminated intravascular 
coagulation in relation to tumor necrosis factor-alpha blood 
concentrations: possible therapeutic role of pentoxifylline. 



Lissoni P, Ardizzoia A, Barni S, Pittalis S, Rossini F, Porta A, Tancini G 



Division of Radiation Oncology, San Gerardo Hospital, Monza (Mi), Italy. 

AIMS AND BACKGROUND: Preliminary experimental data suggest the 
Related Resources involvement of tumor necrosis factor (TNF) in determining endothelial damag 

related to disseminated intravascular coagulation (DIC). The present study wa 
performed to investigate TNF secretion in DIC occurring in metastatic solid ti 
patients and to evaluate the possible therapeutic role of pentoxifylline, which h 
proven to have a TNF-lowering activity. METHODS: The study included 20 
metastatic solid tumor patients who showed clinical and laboratory signs of D 
Pentoxifylline was given orally at a dose of 1200 mg/day for 28 days. RESUL 
Abnormally high levels of TNF were found in 13/20 patients, and mean TNF : 
levels observed in patients were significantly higher than those seen in a contr 
of 50 healthy subjects. Fibrinogen plasma concentrations were low in 1 1 case; 
Patients with low fibrinogen values showed significantly higher mean TNF lev 
those with normal or elevated concentrations. Pentoxifylline therapy induced a 
significant decrease in mean TNF concentrations and a significant increase in ) 
platelet number, which returned to within the normal range in 1 1/20 patients, 
increase in platelets in response to pentoxifylline was more evident in patients 
elevated pretreatment TNF values. CONCLUSIONS: Our results suggest the 
existence of abnormally high blood levels of TNF in cancer-related DIC, main 
presence of low fibrinogen values. Moreover, they indicate that pentoxifylline 
may determine a decrease in TNF levels in DIC patients, an event associated i 
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The mouse/human chimeric monoclonal antibody cA2 neutraliz 
TNF in vitro and protects transgenic mice from cachexia and T 
lethality in vivo. 

Siegel SA, Shealy DJ, Nakada MT, Le J, Woulfe DS, Probert L, Kollias i 
Ghrayeb J, Vilcek J, Daddona PE. 

Department of Immunology, Centocor, Inc., Malvern PA 19355, USA. 

The pleiotropic cytokine tumour necrosis factor-alpha (TNF) is thought to pla 
central role in infectious, inflammatory and autoimmune diseases. Critical to th 
understanding and management of TNF-associated pathology is the developm 
highly specific agents capable of modifying TNF activity. We evaluated the ab 
high affinity mouse/human chimeric anti-TNF monoclonal antibody (cA2) to 
neutralize the in vitro and in vivo biological effects of TNF. cA2 inhibited 
TNF-induced mitogenesis and IL-6 secretion by human fibroblasts, TNF-prim 
human neutrophils, and the stimulation of human umbilical vein endothelial ce 
TNF as measured by the expression of E-selectin, ICAM-1 and procoagulant 
cA2 also specifically blocked TNF-induced adherence of human neutrophils t< 
endothelial cell monolayer. Receptor binding studies suggested that neutraliza 
resulted from cA2 blocking of TNF binding to both p55 and p75 TNF receptc 
the cells. In vivo, repeated administration of cA2 to transgenic mice that 
constitutively express human TNF reversed the cachectic phenotype and preve 
subsequent mortality. These results demonstrated that cA2 effectively neutrali 
broad range of TNF biological activities both in vitro and in vivo. 
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Related Articles, Books, 



Inflammatory and procoagulant mediator interactions in an 
experimental baboon model of venous thrombosis. 

Wakefield TW, Greenfield LJ, Rolfe MW, DeLucia A 3rd, Strieter RM, 
GD, Kunkel SL, Esmon CT, Wrobleski SK, Kadell AM, et al. 

Jobst Research Laboratories, Department of Surgery, University of Michigan 
Center, Ann Arbor 48109-0329. 

Theoretic and in vitro evidence suggests that thrombosis and inflammation are 
interrelated. The purpose of the present study was to define the relationship be 
inflammation and deep venous thrombosis (DVT) in an in vivo model. Initiate 
DVT was accomplished by administration of antibody to protein C (HPC4, 2 
and tumor necrosis factor (TNT, 150 micrograms/kg); stasis; and subtle venoi 
catheter injury. Thrombosis was assessed by thrombin-antithrombin assay (T^ 
1251-fibrinogen scanning (scan) over both the proximal and distal iliac veins, a 
ascending venography. Cytokines TNF, interleukin-6 (IL-6), monocyte chemc 
protein- 1 (MCP-1), and interleukin-8 (IL-8) were measured along with difFere 
white blood cell counts, platelet counts, fibrinogen (FIB), and erythrocyte 
sedimentation rates (ESR). Baboon pairs were sacrificed on day 3 (T + 3d), T 
and T + 9d and veins removed. All animals developed inferior vena cava and 1 
iliofemoral DVT by venography; no right DVT was found. TAT was elevated 
lhr and peaked at T + 3hrs. Left iliofemoral DVT was found at T + lhr by sea 
reached a 20% uptake difference between the affected left and nonaffected rig 
at T + 3hrs. TNF peaked at T + lhr; MCP-1 peaked at T + 6hrs; IL-8 and IL- 
peaked on T + 2d; all cytokines declined to baseline. TNF and TAT elevation: 
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